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J'ai connu un temps ou la principale pollution venait de ce que les gens
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RESUME

Un régime alimentaire déséquilibré et/ou la présence de composés contaminants exogeénes
peuvent modifier la signalisation endocrine et I’homéostasie des lipides et induire I’obésité.
Les travaux réalisés dans le cadre de cette thése ont permis, dans un premier temps, de
développer une méthode simple et rapide, dénommeée "zebrafish obesogenic (ZO) test", pour
identifier in vivo, par utilisation de la larve de poisson zeébre, des facteurs qui peuvent
augmenter ou diminuer la taille de I’adipocyte blanc et ainsi moduler le niveau de 1’adiposité
(Tingaud-Sequeira, Ouadah, Babin, J. Lipid Res. 52, 1765-1772, 2011). Ce test permet
d’identifier des composés et des mélanges de molécules obésogeénes et anti-obésogenes et
fournit des informations pertinentes pour 1'évaluation des risques liés a leur présence mais
également pour ¢€lucider les mécanismes impliqués. Les travaux ont, dans un second temps,
permis d’apporter des réponses quant aux modalités d’action d’un obésogeéne puissant, le
chlorure de tributylétain, contaminant retrouvé trés largement dans notre environnement.
Cette molécule agit sur I’adipocyte blanc a une concentration de 1’ordre du nano molaire via
les récepteurs nucléaires RXR et LXR, et non pas via les isoformes PPARgamma/delta

(Ouadah et Babin, manuscrit en préparation).

Mots clés: obésité, tissu adipeux blanc, poisson zebre, polluant environnemental,

tributyltétain, RXR, LXR, PPARg, obésogene, anti-obésogene, modele, ZO test.
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1. Balance énergétique et obésité

1.1. Balance énergétique et prévalence de I’obésite

La balance énergétique d’un individu est un état d’équilibre entre un apport d’énergie
sous forme d’aliments et la dépense énergétique liée au maintien structural et au
fonctionnement énergétique de I’organisme (Figure 1). Depuis quelques années, cette balance
énergétique a tendance a étre déséquilibrée, en particulier dans les pays occidentaux. Ceci est
li¢ a une surabondance alimentaire et a 1’ingestion d’aliments riches en matiére grasse et
sucrés mais pauvre en vitamines, en sels minéraux et autres micronutriments (Leaf et Weber,
1987). Cette augmentation de I’apport calorique est associée a une diminution de la dépense
énergétique liée a la sédentarité. D’un point de vue génétique, la lignée des primates a évoluée
au cours des derniers millions d’années dans le contexte d’une alimentation peu abondante.
Les processus biologiques et physiologiques mis en place ont abouti a ’existence d’une
capacité¢ de digestion des aliments, d’assimilation et de stockage des nutriments largement
surdimentionnée afin de pouvoir assumer une alternance de périodes d’abondance et de
disette alimentaire. Notre espéce vie aujourd’hui dans un environnement nutritionnel et
comportemental différent alors que son patrimoine génétique dicte des processus
physiologiques adaptés au captage et au stockage de I’énergie, en particulier sous forme de

lipides neutres (graisses).

Les lipides de I’alimentation sont indispensables au développement et a la croissance
des animaux. Dées 1929, les chercheurs George et Mildred Burr ont montré I’importance
qu’une quantit¢ minimale de lipides dans les aliments pour permettre la survie des le plus
jetine age et la croissance du rat (Burr et Burr, 1929). A contrario, une alimentation trop riche
en mati€res grasses, se traduit également par I’apparition d’un état pathologique 1i¢é a un
surpoids et a I’obésité. A 1’état normal, la masse graisseuse représente environ 20 a 25% du
poids corporel chez la femme et de 10 a 15% chez I’homme (Dardour, 2012). Cette différence
est a mettre en relation avec une masse musculaire moyenne plus importante chez les

individus de sexe masculin.
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Figure 1. Balance énergétique et facteurs impliqués dans sa régulation.

Une perturbation de la balance énergétique peut entrainer une diminution de
I’adiposité corporelle, c’est a dire la quantité de tissu adipeux blanc (TAB). Si cette
perturbation va dans le sens de 1’énergie dépensée, 1’individu se trouve dans un état de perte
de poids. A I’inverse, si le déséquilibre va dans le sens du dépot de I’énergie acquise, cela
provoque un surpoids des individus, voir une obésité (Figure 1). La perte de poids peut étre
die a une adipolyse qui est une réduction de la quantité de TAB et/ou une diminution de la
masse musculaire de 1’organisme. La réduction de la masse adipeuse, peut étre la conséquence
d’une hypotrophie, c'est-a-dire une diminution du volume des cellules adipeuses, ou par une
hypoplasie, c'est-a-dire une diminution du nombre de cellules adipeuses. Cette perte de poids,
par rapport a une valeur pondérale considérée comme idéale, peut étre définie par une valeur
limite inférieure de 1’indice de masse corporelle (IMC) (voir ci-dessous). A contrario, le
surpoids et sa situation extréme, 1’obésité, correspondent a une accumulation excessive de
graisse corporelle (De Saint Pol, 2007; Organisation Mondiale pour la Santé¢ (OMS), 2012).
L’étiologie d’une telle situation est difficile a définir du fait des interelations complexes entre
facteurs génétiques et environnementaux (Han ef al., 2011). L’accumulation des graisses peut
se réaliser par une hypertrophie du TAB, c’est a dire une augmentation de la taille des cellules
adipeuse ou plus précisément de la taille du/des gouttelettes lipidiques contenue dans les
adipocytes. Cette accumulation peut également é&tre le résultat d’une hyperplasie

concommitante ou non de I’hypertyrophie et qui correspond a une augmentation du nombre
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des cellules adipeuses blanches. Dans les deux situations, le résultat correspond a une
augmentation de 1’adiposité par stockage de I’énergie en exces sous forme de triacylglycerols

(TAG) dans les gouttelettes lipidiques des adipocytes (Ducharme et Bickel, 2008).

Le pourcentage d’individus considérés comme obéses a augmenté d’une manicre
réguliére dans les pays développés et les pays émergeants au cours de ces derni¢res décennies.
Plus de 1,5 milliard de personnes dans le monde souffrent d’un surpoids, parmi lesquelles
plus de 200 millions d’hommes et prés de 300 millions de femmes sont considérés comme
obeses (estimation 2008) (OMS, 2012; Nguyen et Lau, 2012). La fréquence du surpoids et de
I’obésité a triplé dans beaucoup de pays européens depuis les années 1980. A titre d’exemple,
I'Institut National de la Statistique et des Etudes Economiques (INSEE) (septembre 2010)
recense en France, 38,5 % d’individus en surpoids et environ 11,5 % en état d’obesité. Aux
Etats-Unis, les chiffres observés sont impressionnants : plus de 60% de la population est en
surpoids et 34% des individus sont obeses (Figure 2). Les personnes qui souffrent d’un
surpoids aux Etats-Unis représentent le double de la moyenne mondiale et 10 fois le taux

observé en Corée du Sud ou au Japon.

Les estimations récentes réalisées chez 1’enfant indiquent que 1’« épidémie » d’obésité
observée aujourd’hui est loin d’étre maitrisée et que ce processus sera en voie d’extension au
cours des prochaines années. A titre d’exemple, le pourcentage prédit d’adultes américains
qui seront en surpoids a 1’horizon 2020 est de I’ordre de 86% (Flegal et al., 2010). A niveau
mondial, plus de 40 million des enfants de moins de cinq ans sont en surpoids (estimation
2010) (Nguyen et Lau, 2012).Une étude publiée en 2009, menée sur 2 385 adolescents agés
entre 11 et 18 ans dans la région Aquitaine (France), a montré que 13,6% de ces enfants
étaient en surpoids voir obeses (11,7% en surpoids et 1,9% obeses) avec une forte proportion
observée chez le gargon par rapport aux filles (Thibault e al., 2009). Dans le méme contexte,
une autre étude menée en 2009-2010 aux Etats-Unis, a montré que la prévalence de 1’obésité
pour des enfants et les adolescents entre 2 et 19 ans est de I’ordre de 16,9% (Ogden et al.,
2012). 1l existe un facteur supplémentaire d’inquiétude. Jusqu’a récemment, le surpoids et
I’obésité étaient considérés comme un probléme propre aux pays développés, mais les
dernieres études épidémiologiques réalisées dans certains pays en voie de développement ont
montré une augmentation spectaculaire du taux d’obésité des enfants. Prés de 8 million
d’enfants présentent un surpoids dans les pays a haut revenu et prés de 35 million dans les

pays a faible ou moyen revenu (OMS, 2012).
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L’OMS reconnait 1’obésité comme un probléme de santé public majeur (OMS, 2000).
L'obésité est un facteur de risque établi pour plusieurs maladies chroniques (Eckel et Krauss,
1998; Murphy et al, 2000), car elle s’accompagne, en particulier, d’une modification de
I’activité des adipocytes blancs. Par exemple, il a ét¢ montré que le taux de la lipoprotéine
lipase (LPL) augmente avec I’augmentation de la taille des cellules adipeuses (Farnier ef al.,
2003). De la méme manigre, les fonctions sécrétoires adipocytaires sont modifiées lors d’une
adiposité plus €levée. On peut par exemple observer une augmentation de la sécrétion de la
plupart des adipokines, comme la leptine, I’'IL-6, le TNFa et une diminution du taux
plasmatique d’adiponectine chez les personnes obéses (Boucher et al, 2005). Ces
modifications pourraient induire, de facon directe ou indirecte, ’apparition d’autres
pathologies associées tels que les maladies cardiovasculaires, le diabéte non insulino-
dépendant (diabete de type 2), dont la fréquence est trois plus élevée chez les sujets obeses, et
I’hypertension (Nguyen et Lau, 2012) voir certains cancers, par exemple cancer du cdlon chez
les hommes et le cancer du sein chez les femmes (Murphy et al, 2000). L’ensemble des
pathologies métaboliques associées a 1’obésité est regroupé sous le terme de syndrome

métabolique.

1.2. Indice de masse corporelle et mesure de I’adiposité

La mesure de la corpulence d’un individu et donc de son niveau d’adiposité peut étre
¢valuée par I'utilisation d’estimateurs d’ordre anthropométriques. La premiére approche

consiste a déterminer un surpoids par apport a un poids idéal en utilisant le rapport entre le
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poids de I’individu et sa taille et en encadrant ce rapport en fonction d’autres critéres
complémentaires comme le sexe ou I’origine ethnique. La seconde approche est purement
mathématique et repose sur ’utilisation de formules mathématiques comme indiquées dans le

Tableau 1.

Tableau 1. Les principales formules utilisées pour calculer le poids corporel idéal
(d’apres De Saint Pol, 2007).

Formule de Broca: PI(kg) =T (cm) - 100

Formule de Lorentz PI masculin (kg) =T (cm) - 100 - MIM

T (cm) — 150

PI féminin (kg) =T (em) - 100 - 5%

Formule de Devine PI masculin (kg) = 50 (kg) + 2.3 x [ T (pouces)— 60 ]

PI féminin (kg) =45,5 (kg) + 2.3 x [ T (pouces)— 60 ]

Formule de Perrault  PI(kg) =T (cm) - 100 + ﬁﬂilgnﬂ x 0.9

Formule de Creff

Morphologie normal  PI (kg) =T (cm) — 100 + Age (?gnées) x 09
Morphologie large  PI (kg) =T (¢cm) — 100 + ﬁgc(;’gﬂ x09x1.1

Morphologie gracile  PI (kg) =T (cm) — 100 + ﬁ?e?%l x09x09

Formule de Monnerot-Dumaine

T (em) — 100 + 4 x Circonférence du poignet (cm)
3

PI(kg) =

Formule de Bornhardt
T (cm) x Tour de poitrine (cm)
240

Pl (kg) =

PI: Poids Idéal, T: Taille

L’estimateur le plus couramment utilisé¢ pour apprécier le niveau d’adiposité est I'IMC.
D’un point de vue clinique, le sous-poids, le surpoids ou 1’obésité sont définis par des valeurs
limites de ’IMC, qui est une mesure simple du poids corporel par apport a la taille de
I’individu. L’IMC, en anglais « body mass index » (BMI), correspond au rapport du poids du
corps sur le carré de la taille, exprimé en kg/m? (Keys et al., 1972). 1l existe d’autres
techniques anthropométriques pour mesurer la corpulence, comme la mesure du tour de la
taille ou la circonférence et 1’épaisseur des plis cutanés. Cette derniere technique, repose sur

le fait que les plis cutanés représentent pres de la moitié de la masse graisseuse du corps (De

Saint Pol, 2007).

Malgre son intérét, 'IMC présente des inconvénients, car cet indice ne prend pas en
compte la silhouette de I’individu, ni I’historique de la variation du poids corporel de

I’individu. Par ailleurs, il ne refléte pas uniquement la masse grasse comme dans le cas des
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athlétes qui ont une masse musculaire trés importante. Malgré ces limites, certaines études ont
montré une forte corrélation entre I’'IMC et la masse grasse (Micozzi et al., 1986; Leonhardt
et al, 1987). Le Tableau 2 nous montre les valeurs seuils de I'IMC retenues par ’OMS.
D’aprés ces valeurs seuils, nous pouvons distinguer les personnes en sous-poids qui ont un
IMC inférieur a 18,5. Les personnes qui ont un IMC entre 18,5 et 24,9 sont considérées dans
une situation normale, les pré-obeses ayant un IMC entre 25 et 29,9. A partir de 30 kg/m?,
trois classes d’obésités ont été définies en fonction de la valeur croissante de I’'IMC (Tableau

2).

Tableau 2. Les valeurs seuils de 'IMC retenues par I’OMS

Situation de poids IMC (Kg/m?
Dénutrition <18.5
Classe I ou insuffisance pondérale 17,0 - 184
Classe I 16,0-16.9
Classe ITI 13.0-15.9
Classe IV 10,0-12.9
Classe V < 10,0,
Valeurs de référence 18,5 -24.9
Surpoids 25.,0-299
Obésité = 30|
Classe I 30,0-349
Classe IT 35,0-39.9
Classe III > 40

Une autre manicre pour définir 1’obésité est 1’utilisation des percentiles. Cette méthode
est préconisée surtout pour les enfants. Elle consiste a observer la distribution de I’IMC ou du
poids sur I’ensemble de la population, et donc la position du poids d’un individu par apport a
celui d’une population de référence. Quand le poids d’un individu est proche du 50° percentile
(médiane), cela veut dire qu’il est proche de la moyenne des individus de cette population. Au
contraire un poids proche du 10° percentile, I’individu est considéré en sous poids. Le seuil de
la situation de surpoids est proche du 85° percentile de la population, alors que 1’obésité se

situe au 95° percentile (De Saint Pol, 2007).

D’autres méthodes non anthropométriques peuvent étre utilisées pour estimer le niveau
d’adiposité. L’impédancemétrie bioélectrique permet de calculer la masse adipeuse par une
mesure de la conduction électrique des tissus. Une deuxieéme méthode peut étre mise en
oeuvre, I’hydrodensitométrie, qui consiste a calculer la masse adipeuse a partir de la densité
de I’individu, obtenu en I’émergeant dans 1’eau. Une autre approche repose sur une absorption
biphotonique aux rayons X2, et consiste a balayer le corps avec des rayons X a deux niveaux

d’énergie. Un traitement informatique du rapport des atténuations des deux niveaux
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d’énergies permet de distinguer et de mesurer la masse graisseuse de la masse maigre et du

contenu minéral et osseux de I’ensemble du corps (De Saint Pol, 2007). La limite de cette

méthode est sa mise en ceuvre difficile du fait de la taille des appareils pour les personnes a

obésité sévere, ainsi que le colt de telles mesures.

1.3. Le tissu adipeux blanc

1.3.1. Les types cellulaires du tissu adipeux blanc.

Le TAB est capable de réaliser une expansion massive ou au contraire une diminution

drastique de sa taille en fonction du niveau de 1’énergie stockée sous forme de goutelettes

lipidiques dans les adipocytes. Cette plasticité remarquable est également illustrée par sa

capacité de régénération apres intervention chirurgicale. Ce tissu peut varier de 5% du poids

corporel chez les athletes jusqu'a 60% dans le cas d’obésité extréme (Cawthorn et al., 2012).

Chez les vertébrés, le TAB est constitué par un certains nombre de types cellulaires

caractéristiques (Figure 3). Ce tissu est constitu¢ principalement d’adipocytes. Les types

cellulaires classiquement observés chez les mammiféres sont présents dans le TAB de poisson

zebre (Figure 4) (Tingaud-Sequeira et al., 2012). Chez certains vertébrés, comme les poissons

téléostéens, le TAB périviscéral peut étre infiltré par des ilots pancréatiques, ce qui n’est pas

le cas des autres localisations corporelles du TAB de cet animal (Tingaud-Sequeira et al.,

2011).
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Matrice extracellulaire

Adipocyte

Figure 3. Structure et types cellulaires du
tissu adipeux blanc. Les adipocytes sont les
principaux composants du TAB. Ils sont
importants pour le stockage de 1’énergie et
pour I’activité endocrine. Les autres types
cellulaires présents sont les préadipocytes, les
cellules immunitaires, les cellules
endothéliales, les fibroblastes et les cellules
sanguines (d’apres Ouchi et al., 2011).



1.3.2. L’adipocyte blanc.

Figure 4. Coupe histologique du TAB
périviscéral d’une femelle de poisson zebre
adulte. Le TAB est principalement constitué
d’adipocytes de grande taille uniloculaires (a)
liés entre eux par un tissu connectif lache et
fibreux et pénétré par des capillaires sanguins
(c). Chaque adipocyte possede une fine bande
de cytoplasme périphérique (cy) et un noyau
(n). La présence possible d’1lots pancréatiques
infiltrés est indiquée par des astérisks blancs.
Autres abréviations : pc, cellule pigmentée;
rbe, cellule sanguine rouged. Echelle = 40 uym
(d’apres Tingaud-Sequeira ef al., 2012).

L’adipocyte blanc différencié est une cellule sphérique uniloculaire présente dans le

tissu adipeux (Figure 5). Son cytoplasme est enti¢rement occupé par une énorme gouttelette

lipidique, le noyau de cette cellule étant rejeté en périphérie contre la membrane plasmique.

L’adipocyte est spécialisé¢ dans le stockage des acides gras dans la gouttelette lipidique

principalement sous forme de triacylgycérols (TAG). Ces molécules représentent environ

85% de la masse du TAB, tandis que I’eau et la matiére seche non lipidique en représentent

respectivement 10 et 5%. Ces TAG sont synthétisés par lipogenese dans le TAB a partir

principalement des acides gras issuent de la circulation sanguine. La dynamique de la

goutelette lipidique est réalisée par la présence concommitante d’une activité de lipolyse intra

adipocytaire.

Vacuole lipidique

Mitochondrie

Cytoplasme

Noyau

Figure 5. Schéma d’un adipocyte blanc uniloculaire (d’apres Zhang et al., 2012).
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De nombreuses ¢études ont montré une corrélation entre les apports en lipides
alimentaires, le degré du stockage des lipides dans le tissu adipeux et la prise de poids
(Tchoukalova et al., 2010). Le renouvellement des acides gras dans le tissu adipeux est tres
lent, par exemple chez un adulte de poids normal et stable, le temps de renouvellement des
lipides est d’environ 600 jours, alors que la durée de vie d’une adipocyte est d’environ 10 ans
(Arner et al., 2011). Récemment, il a ét¢ montré 1’existence d’un tissu adipeux beige en plus
des tissus adipeux blanc et brun chez les rongeurs et les humains (Wu et al., 2012). Le tissu
adipeux brun est spécialis¢ dans la beta-oxydation des acides gras dans un but de
thermogenese. Les cellules adipeuses « beiges » présentent dans le TAB sont UCP1-positives,

et proviennent d’une lignée non myf-5, contrairement au tissu adipeux brun (Wu et al., 2012).

1.3.3. Activité de sécrétion du tissu adipeux.

Le TAB joue un réle éminant dans I’homéostasie lipidique du fait de sa capacité de
stockage et de libération des acides gras d’origine endogene ou alimentaire. Au cours des
vingt derni¢res années, le TAB s’est avéré comme un site majeur pour la synthése de
molécules a rdle biologique important, en particulier dans le contréle de la balance
énergétique. Par exemple, les adipocytes matures synthétisent et libérent dans la circulation
sanguine de la leptine. Cette hormone joue un rdle critique dans la balance énergétique en
contrdlant la prise alimentaire au niveau du systéme nerveux central et I’insulino-résistance.
Cette fonction endocrine du TAB est également révélée par la synthése d’autres protéines
régulatrices comme par exemple 1’angiotensinogene, 1’adiponectine, la protéine stimulant
I’acylation (ASP), I’adipsine, la « retinol binding protein » (RBP), le « tumor necrosis factor
a» (TNFa), linterleukine 6 (Il-6), et le « plasminogene activator inhibitor-1» (PAI-1)
(Figure 6). Certaines de ces protéines sont des cytokines inflammatoires et d’autres jouent un
role dans le métabolisme lipidique. Les effets spécifiques de ces protéines peuvent éEtre
endocrine ou paracrine (Trayhurn et Beattie, 2001). L’obésité induit un changement dans la
sécrétion des adipokines et augmente I’infiltration du TAB par les macrophages et donc une
inflammation de ce tissu, ainsi qu’une résistance a I’insuline dans les tissus périphériques tels
que le foie et les muscles (Galic et al, 2010). Une absence du TAB peut avoir des
conséquences profondes, comme le cas des patients lipodystrophiques, ces patients montrent
des cas séveres de diabete mellitus, ce qui exige une administration de leptine et/ou des

thiazolidinédiones (Javor et al., 2005). Les adipocytes exercent ainsi des actions pléiotropes
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par l’intermédiaire de la production de nombreux facteurs agissant d’une fagon autocrine,

paracrine ou endocrine.

LPL

Leptine
Adipsine, ASP

TNFao, TGEp, Interleukine 9

Tissu Angiotensinogene
Acides gras 4 Adipeux mm=) CETP, Apolipoproteine E
Blanc PAI-1, Retinol binding protein

Adiponectine

/ FIAF, Metallothionein
Cholestérol Résistine

Hormones stéroidiens

Figure 6. Exemple de quelques protéines secrétées par le tissu adipeux blanc. ASP, acylation
stimulating protein; CETP, cholesteryl ester transfer protein; FIAF, fasting induced adipose
factor; LPL, lipoprotein lipase; PAI-1, plasminogen activator inhibitor-1; TGFp, transforming
growth factor beta; TNFa, tumour necrosis factor alpha.

1.2.4. Adipogenese.

1.2.4.1. Le développement et la différenciation adipocytaire.

Le développement du TAB est initié au cours du développement embryonnaire et
feetal. Dans I’espéce humaine, le nombre d'adipocytes augmente jusqu'a I'dge d’environ 15
ans et cette hyperplasie est particuliérement importante durant les toutes premicres années de
la vie. Il est donc important de veiller a I'alimentation des enfants jusqu'a I'adolescence pour
éviter de préparer un terrain favorable a 1’obésité de I’adulte. Aprés 15 ans, nous disposons
ainsi normalement d'un nombre fixe d'adipocytes. En cas de prise de poids, il y aura
principalement une augmentation du stockage des lipides dans les gouttelettes lipidiques sans
besoin d’augmenter le nombre d’adipocytes. Cette phase d’hypertrophie permet en moyenne
d’augmenter d’un facteur 8 la taille de la cellule, qui peut en cas extréme multiplier sa taille
par 50. Si cette hypertrophie n’est pas suffisante et que I’apport en lipides a stocker dépasse la
capacité de stockage existente, une phase d’hyperplasie est alors mise en ceuvre a partir de
cellules souches présentes dans la fraction vasculaire du stroma de ce tissu (Féve et al., 1998).

Ce processus de recrutement peut étre mis en ceuvre, en particulier dans le cas d’obésité. Du
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fait de la dynamique rapide de la lipogeneése et de la lipolyse du TAB, associée a une durée de
vie qui est d’environ 10 ans de I’adipocyte (Arner et al., 2011), un régime hypocalorique se
traduira par une vidange des cellules sans altération majeure du nombre de ces cellules
adipeuses. Toute balance énergétique ultérieure tournée vers le stockage se traduira alors vers

une reprise rapide de la charge pondérale.

1.2.4.1.1. La détermination adipocytaire.

Comme pour les dérivés osseux et musculaires, le TAB est d’origine mésodermique.
L’adipogeneése est le résultat d’une détermination, lors du développement embryonnaire, de
cellules souches vers la lignée adipocytaire plus d’une différenciation. L’adipogenése
correspond a un cheminement de cellules souches mésenchymateuses vers la lignée
adipocytaire, dont certaines resteront en réserve toute la vie au sein du TAB. Les cellules
souches mésenchymateuses peuvent se différencier en plusieurs types de cellules souches
multipotentes comme les myoblastes, les ostéoblastes et les adipoblastes, et cela se fait sous le
contrdle de différents événements cellulaires et moléculaires (Figure 7) (Gesta et al., 2007).
Ces deux derniers types cellulaires peuvent avoir une relation inverse ou réciproque (Gimble
et Nuttall, 2012). Les facteurs qui influencent I’orientation des cellules souches vers les
adipoblastes ne sont pas encore treés bien connus. L’activation de la voie de signalisation Wnts
au sein des cellules souches mésenchymateuse a initialement été¢ impliquée dans 1’inhibition
de la détermination adipocytaire au profit de la détermination myogénique (Ross ef al., 2000 ;
Gesta et al, 2007; Tang et Lane, 2012). Cette voie semble toutefois intervenir a deux
niveaux : comme activateur précoce pendant la détermination des adipoblastes, puis plus
tardivement comme inhibiteur de la différenciation adipocytaire (Ross ef al., 2000 ; Tang et
Lane, 2012). Par ailleurs, une exposition des cellules mésenchymateuse multipotantes au
BMP-4 (bone morphogenic protein 4) engage ces cellules vers la lignée adipocytaire (Tang et

al., 2012).

1.2.4.1.2. La différenciation adipocytaire.

Le processus de la différentiation adipocytaire est un mécanisme complexe, caractérisé

par D’expression ordonnée de certains genes et facteurs spécifiques. La plupart des
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informations ont été obtenues par des études in vitro a partir de cultures cellulaires. Le
processus de la différentiation adipocytaire est le passage d’un adipoblaste a un préadipocyte
puis & un adipocyte mature. Morphologiquement, il n’y a pas de différence entre les
adipoblastes et les préadipocytes, la seule différence étant I’expression de certains marqueurs
précoces de la différenciation des préadipocytes (Figure 7). Il a été montré que ces cellules

secretent des facteurs qui participent a leur propre différentiation (Ailhaud, 2006).

Les préadipocytes subissent ensuite une mitose post confluente ou expansion clonale,
afin de s’engager définitivement dans la différenciation adipocytaire. Ce processus est
accompagné par des changements moléculaires, cellulaires et morphologiques des cellules. En
effet, en acquérant I’ensemble de leurs propriétés métaboliques, les adipocytes vont acquérir
la capacité a stocker les lipides, dans un premier temps dans des petites gouttelettes lipidiques,
qui ensuite arriverons a confluence pour aboutir a une vacuole lipidique unique au sein du

cytoplasme de la cellule (Gregoire ef al., 1998 ; Tang et al., 2012).

1.2.4.1.2.1. Le controle de la différentiation adipocytaire.

Les changements cellulaires et morphologiques qui accompagnent la différentiation
adipocytaire sont le résultat de la variation de I’expression génique. Cette programmation
moléculaire est influencée par des facteurs pro ou anti-adipogénique, a la fois facteurs de
transcriptions et facteurs hormonaux. Dans les paragraphes suivant, nous allons aborder

certains des facteurs considérés comme les plus importants.

1.2.4.1.2.2. Les facteurs de transcriptions.

La coordination transcriptionnelle de la différenciation adipocytaire se fait
principalement par trois types facteurs: les C/EBPs (CCAAT-enhancer binding protein) ou les
protéines de fixation a I’élément CCAAT, les trois membres de cette famille (o, B et y) sont
exprimés a des temps différents de 1’adipogenese, notamment dans le déclenchement de la
maturation terminale. Le C/EBPa est induit plus tardivement et va permettre la
transactivation de certains geénes tels que la leptine, aP2 (fatty acid-binding protein 4,
FABP4), « peroxisome proliferator-activated receptor » y (PPARY) et lui méme (Rosen ef al.,

2000). Le facteur de transcription SREBP-1c (Sterol regulatory element-binding protein-1c)
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est aussi connu comme favorisant cette différentiation adipocytaire, il va ainsi favoriser
I’expression de PPARY (Figure 7). Les facteurs de type PPARs appartiennent a la famille des
récepteurs nucléaires (RNs) et seront détaillés dans la Partie 2 du Chapitre I. Chacun des trois
membres de ces PPARs, a, B/6 et vy, est codé par un geéne différent et dont I’expression est
relativement tissu spécifique. PPARy est connu comme étant un gene clés de 1’adipogenése
(Janesick et Blumberg, 2011), et est préférentiellement exprimé dans le tissu adipeux et joue
un role important dans la différentiation et la maturation définitive des adipocytes. Ce facteur
transactive de nombreux genes marqueurs de la différentiation des adipocytes tels que la LPL
ou la FABP4 afin de stocker les acides gras sous formes de TAG dans les gouttelettes

lipidiques (Rosen et al., 2000).

Type de cellule Evénement moléculaire Etapes
)4
. -
Voie Wnt
Cellule souche Delta fos b

mésenchymateuse BMP-4/2

el

* Chondroblastes
* Ostéoblastes

uonEUINLIAI(

* Myaoblaste °
Adipoblaste ¥
. Facteurs adipogéniques
Phase exponentielle de
croissance
L
Arrét de croissance * ¢ ©
Pré-adipocyte
C/EBPB inactive -
Expansion clonale Mitose
poste-confluentes MAPK :
GSK-3p : -
° =y
LI =
. e ° i t e
Engagement I- o el ) AR C/EBPJ active e
C ol S i@
o 1 is
e P2
Gouttelettes RAR — . .:.";
lipidique =y
i / i S
Phase intermédiaire ° Acides gras :
ADD1/SREBPI¢ :
l C/EBPa > PPARY/RXR /
0 . @
Autoactivation
AR
Gouttelette
lipidigue unique l
Génes cibles spécifiques de I'adipocyte
[ J (aP2, LPL, ACS)
Adipocyte mature 4

Figure 7. Schéma illustrant la cascade d’éveénements et les acteurs moléculaires impliqués au
cours de la détermination et lors de la différenciation adipocytaire. RA: retinoic acid ;
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C/EBP : CAAT/enhancer binding protein ; RAR : RA receptor ; MAPK: mitogen-activated
protein kinase; GSK-3:glycogen synthase kinase-3; ADDI: adipose differentiation and
determination factor 1; SREBPIc: sterol regulatory binding protein 1c; PPARy: peroxisome
proliferator-activated receptor y; RXR: retinoic-X-receptor; aP2: fatty acid-binding protein;
LPL: lipoprotein lipase; ACS: acyl-CoA synthetase (d’apreés Gregoire et al., 1998; Tang et al.,
2012).

1.2.4.1.2.3. Les facteurs hormonaux.

L’hormone la plus connue pour réguler positivement 1’adipogenése est 1’insuline. En
effet, elle est nécessaire a la différenciation in vitro des lignées murines adipocytaires 3T3-L1
et 3T3-F442A. L’insuline augmente de fagon significative le nombre d’adipocytes ainsi que
I’accumulation lipidique (Girard et al., 1994). Elle va activer le récepteur IGF-1 (Insuline
growth Factor 1), au niveau des pré-adipocytes. L’activation de ce récepteur déclenche
I’expansion clonale via 1’activation de la voie PI-3K (phosphoinositide 3-kinase), voie
nécessaire a la différenciation adipocytaire (Sakaue et al., 1998; Xia et Serrero 1999). Les
acides gras sont aussi connus pour induire la différenciation adipocytaire. Provenant de
I’alimentation ou de la lipolyse, certains acides gras agissent positivement sur les adipocytes
en régulant D’expression de nombreux genes adipocytaires par activation de certains
récepteurs nucléaires tels que les PPARy ou les RXR (Retinoid X receptors) (Forman et al.,
1997). 11 existe d’autres facteurs pro-adipogéniques tel que I’hormone de croissance, les
glucocorticoides, I’hormone thyroidienne T3 et le « leukemia inhibitory factor ».

Il subsiste également une régulation négative de la différenciation adipocytaire. Des
cytokines inflammatoires ont elles aussi ¢ét¢ décrites comme étant des facteurs anti-
adipogéniques tels que I’IL-1, I’'IL-6, le TNFa ou les interférons y et B. Certains facteurs de
croissance inhibent cette différenciation tels que I’EGF (epidermal growth factor), le TGFa
(transforming growth factor ) ou encore la myostatine. Pref-1, protéine exprimée uniquement
dans les pré-adipocytes, a été décrite comme un facteur anti-adipogénique. Il a été montré,
que sa forme soluble pouvait inhiber la différenciation, ou & I’inverse son inhibition peut

induire I’adipogenése (Smas et al., 1999).

1.2.5. La lipogenese et la lipolyse.
1.2.5.1. Quelques notions sur les lipides.

1.2.5.1.1. Les lipides apolaires et polaires.
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Les lipides représentent une famille de molécules organiques trés hétérogeéne. Ce sont
généralement des molécules insolubles dans 1’eau et solubles dans les solvants organiques,
tels que 1’éther, le chloroforme, 1’acétone, le méthanol ou le benzene. Ils peuvent pour la
plupart d’entre eux étre utilisés comme source d’énergie par les étres vivants et les lipides

hydrolysés ont généralement comme constituants principaux les acides gras.

Les lipides apolaires (neutres)

Les TAG constituent la principale classe des lipides neutres, et sont constitués d’une

molécule de glycérol estérifiée par trois molécules d’acides gras (Figure 8).

Acide gras
[
' Acide gras
>
o

Acide gras

Figure 8. Schéma d’un TAG.

Les cires représentent la deuxiéme classe quantitativement la plus importante de
lipides neutres. Il s’agit d’esters constitués d’un acide gras estérifié avec un alcool gras. Ces
molécules sont présentes dans le zooplancton marin et dans le corps et les ceufs de certains

poissons zooplanctivores (anguilles, capelan...)

Les lipides polaires

Les lipides polaires quantitativement les plus importants dans les cellules sont les
glycérophospholipides. Ils sont constitués par un acide phosphatidique estérifi¢ par une téte
polaire dont la nature détermine le type de glycérophospholipide (Figure 9). Ils sont
principalement intégrés aux membranes biologiques. La fluidit¢é de ces membranes est
déterminée pour une grande partie par le degré d’insaturation des acides gras constitutifs de
ces phospholipides. Les sphingolipides constituent une autre catégorie de phospholipides pour
lesquels le squelette carbonné est constitué par un alcool aminé a longue chaine, la

sphingosine.
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Figure 9. Schéma d’un glycérophospholipide.
Les lipides non-hydrolysables

Le cholestérol est le lipide non-hydrolysable le plus répandu chez les vertébrés. Il est
présent tel quel dans les membranes cellulaires ou peut étre présent sous forme d’ester de

cholestérol dans le cytoplasme des cellules et stocké alors avec les autres lipides apolaires.

1.2.5.1.2. Les acides gras.

Les acides gras sont les constituants élémentaires des lipides hydrolysables, composés
d’une chaine hydrocarbonée comportant a une extrémité un groupement méthyle CH3 et a
I’autre extrémité un groupement carboxyle COOH (Figure 10). Les acides gras sont définis
par leurs nombre de carbone, leur degré d’insaturation, i.e. leur nombre de double liaison, et

par la position de ces doubles liaisons le long de la chaine hydrogénocarbonnée.

R/\N\/\N\/\COOH AG saturé
R /W\:/\/\/\COOH AG mono - insaturés

R /\:/\:/\/\/\coou AG poly - insaturés

Figure 10. Différents types d’acides gras non ramifiés.

Les acides gras saturés : Ce sont des acides gras qui ne comportent aucune double liaison.
Par exemple, C14:0 désigne un acide gras a 14 atomes de carbones et sans double liaison,

donc saturé.

Les acides gras mono-insaturés : Ce sont des acides gras qui possedent une seule double
liaison. Par exemple, le C18:1 n-9 (09) désigne un acide gras a 18 atomes de carbones et une
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double liaison est situé sur le 9°™ carbone en partant de I’extrémité méthyle de la chaine

carbonée.

Les acides gras poly-insaturés : Ce sont des qui possedent plusieurs doubles liaisons. Par
exemple, le C22:6n-3 (w3) désigne un acide gras a 22 atomes de carbones et 6 doubles
liaisons dont la premiére est située sur le 3°™ atome carbone en partant de 1’extrémité
méthylique.

1.2.5.2. La lipogenése.

La synthése de lipides et en particulier des TAG dans 1’adipocyte s’effectue selon
deux voies 1) a partir de la captation des acides gras circulants, 2) par lipogenese de novo a

partir d’acétyl-CoA.

1.2.5.2.1. Acides gras d’origine extracellulaire.

Les acides gras peuvent étre apportés a 1’adipocyte selon deux sources. Ceux liés a la
sérum albumine et ceux estérifiés dans des lipides hydrolysables incorporés a des
lipoprotéines circulantes. Ces acides gras peuvent avoir une origine endogéne ou bien
exogene a partir des acides gras d’origine alimentaire absorbés au niveau de I’intestin gréle
(Babin and Gibbons, 2009). Les processus associés au transfert des acides gras dans les
cellules intestinales puis dans le systéme circulatoire sont difficiles a étudier in vivo. Des
travaux récents realisés par utilisation du modele poisson zebre ont permis de visualiser ce
transfert par utilisation d’acides gras couplés au marqueur fluorescent Bodipy (Walters et al.,
2012, Babin et al., non publié). Les acides gras sont réestérifiés principalement dans des TAG
puis incorporés a des lipoprotéines (chylomicrons, VLDL (Very Low Density Lipoprotein,
lipoprotéine de trés basse densité)) par les entérocytes ou les hépatocytes et déversés dans le
systeme circulatoire. Ces lipoprotéines subissent 1’action de la LPL au niveau de
I’endothélium vasculaire et les acides gras ainsi libérés sont captés par les adipocytes via des
transporteurs membrannaires (e.g. CD36) spécifiques. Leur transformation en acyl-CoA sera
le point de départ de leur estérification sous forme de TAG, phospholipides ou esters de

cholestérol (Figure 11).
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1.2.5.2.2. La lipogenése de novo.

La lipogenese de novo dans I’adipocyte permet la synthése d’acide gras a partir de la
métabolisation du glucose extracellulaire (Figure 11). L’entrée du glucose dans 1’adipocyte se
fait grace a des transporteurs spécifiques, GLUT-1 et GLUT-4 (Mueckler, 1990). Une fois
dans la cellule, le glucose est dégradé en pyruvate par le processus de glycolyse. Suite a cette
étape, D’acétyl-CoA carboxylase (ACC) et I’acide gras synthase (FAS, pour Fatty Acid
Synthetase) interviennent de fagon successive pour catalyser la formation des acides gras
saturés a longue chaine, a partir de 1’acétyl-CoA. L’action de différentes désaturases permet la
synthése d’acides gras plus ou moins désaturés. Les acides gras sont ensuite estérifiés dans
I’adipocyte par la voie du glycérol-3-phosphate pour donner des TAG. La lipogenéese de novo
est majoritairement réalisée dans le foie de 1’espéce humaine. Bien qu’étant accessoire dans le
TAB, elle peut intervenir dans ce tissu en particulier lors d’un régime riche en glucides
(Letexier et al., 2003).

L’insuline contrdle la lipogenése a différentes étapes. Sous son action, le transporteur
GLUT-4 va étre transloqué a la membrane des adipocytes, ce qui permet ’entrée du glucose
dans la cellule. L’insuline a également une action positive sur certaines enzymes qui

contrdlent la voie de biosynthese des acides gras a partir de I’acétate.
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Figure 11. Le métabolisme des lipides dans 1’adipocyte blanc. Dans cette cellule coexiste la
lipogenése et la lipolyse, chacune de ces deux voies étant prépondérante lors de la phase de
dépot des réserves lipidiques ou lors de leur mobilisation. L’adipocyte est sensible a
'évolution des indices nutritionnels, comme par exemple la concentration sanguine en
insuline. Cette hormone stimule la captation du glucose et de la lipogenése et inhibe la
lipolyse. Cette lipolyse est asservie par la régulation B-adrénergique. AC, 1'adénylate cyclase;
ACS, l'acyl-CoA synthase; AKT, AKR souris thymome proto-oncogéne viral; AR, récepteur
adrénergique; HSL, lipase sensible aux hormones; IR, récepteur de l'insuline; PI3K,
phosphatidylinositol 3-kinase; PKA, la protéine kinase A (d’apres Sethi et Vidal-Puig, 2007).

1.2.5.3. La lipolyse.

La lipolyse permet 1’hydrolyse des TAG stockés dans la gouttelette lipidique (Figure
12). Cette voie métabolique prend son origine au niveau des récepteurs membrannaires de
type B-adrénergique et aboutie a I’activation hormono dépendante de lipases dont 1’activité
permet la dégradation des TAG en acides gras non estérifiés et glycérol (Osuga et al., 2000 ;
Zimmermann et al.,2004; Jenkins et al., 2004). Une fois produits par 1’adipocyte, les acides
gras seront relargués dans la circulation sanguine avec prise en charge par la sérum albumine
ou bien subir la B-oxydation intra adipocytaire ou é&tre reestérifiés. En contrdlant la
phosphorylation de la protéine kinase A, L'adénosine monophosphate cyclique (AMPc) est le
principal régulateur de la lipolyse. L’activité lipolytique d’un adipocyte dépend du taux
intracellulaire d’AMPc dont la production est stimulée par les récepteurs couplés aux petites
protéines Gs mais inhibée par les récepteurs couplés aux petites protéines Gi. L’insuline est
un puissant inhibiteur de la lipolyse et son action passe par la diminution du taux
intracellulaire de ’AMPc via la phosphatidylinositol 3-Kinase et la protéine kinase B

(Kitamura et al., 1999).
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Figure 12 Le controle de la lipolyse des adipocytes humains. Les voies de transduction du
signal des catécholamines via des récepteurs adrénergiques (AR), peptides natriurétiques de
type A par l'intermédiaire du récepteur, l'insuline et d'autres agents antilipolytiques
(prostaglandines E2 EP3 par l'intermédiaire de récepteurs, par l'intermédiaire de récepteurs
Al de l'adénosine, 1'acide nicotinique par HM74A et NPY / PYY via Y1 récepteurs) sont
décrits. Protéines phosphorylées par des protéines kinases (PKA, la protéine kinase A; PKB,
protéine kinase B; PKG, protéine kinase G; AMPK, protéine kinase activée par 'AMP) sont
indiquées en bleu. Lipase hormono-sensible (HSL) peut favoriser la phosphorylation sa
translocation du cytosol vers la surface de la gouttelette lipidique. Phosphorylation Perilipin
peut induire une altération physique importante de la surface des gouttelettes qui facilite
l'action de la LGV et la lipolyse. Amarrage protéine de liaison lipidique adipocytaire (ALBP)
a HSL favorise 1'évacuation des acides gras (AG) du modele par I'hydrolyse des triglycérides.
Les points d'interrogation indiquent les voies qui sont encore hypothétiques ou dont la
pertinence n'a pas été pleinement démontrée. CA, adénylcyclase; ATGL, triglycérides
adipocytaires lipase; GC, guanylate cyclase; Gi, inhibiteur de protéine liant le GTP; Gs,
stimulant protéine liant le GTP, IRS, insulin receptor substrate; FFA, acides gras libres; MGL,
monoglycéride lipase; PDE -3B, 3B phosphodiestérase; PI3-K, le phosphatidylinositol-3-
phosphate kinase (d’apres Langin, 2006).

Une partie des travaux réalisés dans le cadre de ce travail de thése ont consisté a
caractériser les processus biologiques impliqués dans la dynamique in vivo du TAB apres
exposition a des polluants chimiques ou a des molécules pharmacologiques chez le poisson
zebre. Certaines de ces molécules peuvent agir via les récepteurs nucléaires (RNs) et sont
considérés comme des perturbateurs endocriniens. Nous allons donc définir dans les parties 2

et 3 du Chapitre I ce que sont les RNs puis présenter les caractéristiques principales de
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certaines perturbateurs endocriniens rencontrés dans notre environnement chimique et qui

peuvent avoir une action sur les systémes biologiques via ces RNs.

2. Les récepteurs nucléaires

La voie endocrine est un des modes d’action utilisée par les cellules pour communiquer a
distance. La cellule endocrine envoie un message sous la forme d’une hormone qui va
emprunter le systéme circulatoire soit librement, soit liée a une protéine de transport. Cette
hormone quitte la circulation pour atteindre la cellule cible, et se lie a un récepteur spécifique
qui permet une action ciblée de ’hormone (Figure 12). Il existe deux types de récepteurs

hormonaux : les récepteurs transmembranaires et les récepteurs intracellulaires.

Cellule endocrine Cellule cible
e Récepteur
transmembranaire
Récepteur

. 0
. nucléaire
Protéine de
transport 0

Cellule endocrine

Cellule cible

Figure 13. Schéma de la signalisation endocrine (http://www.med.univ-
montpl.fr/enseignement/cycle 1/PCEM2/mod-integres/MI6_regulation-hormonale_chronobiologie/Ressources_locale/bio-

cell/biocell_coursl .htm).

Les RNs sont des récepteurs intracellulaires localisés principalement dans le noyau des
cellules. Ils sont capables de réguler directement l'activité transcriptionnelle de génes cibles
via une intéraction spécifique avec des éléments de régulation situés a proximité de ces genes.
Ces récepteurs sont largement répandu dans la régne animal y compris chez les invertébrés et
semblent étre apparus a la base de 1’évolution des métazoaires (Escriva et al., 1997). Ils
fonctionnent comme des facteurs de transcription activés par la liaison a des petites molécules
lipophiliques, comme des hormones ou des métabolites incluant par exemple les acides gras,
les oxystérols ou des xénobiotiques. La nature hydrophobe de ces ligands leur permet de
franchir facilement les membranes cellulaires. Ces récepteurs sont impliqués dans la
régulation d’un large spectre de phénomeénes physiologiques (Gronemeyer et al., 2004;

Chambon, 2005).
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La caractérisation biochimique des RNs a débuté dans les années 60 par la capacité de
certains types cellulaires a lier I’cestradiol avec une haute affinité, cette liaison modifiant alors
leur activité cellulaire (Jensen et Khan, 2004 ; Germain et al., 2006). Le récepteur aux
glucocorticoides humain (GR, NR3C1) a été I’un des premiers RN cloné par R. Evans et ses
collaborateurs et au cours de la méme période un récepteur aux estrogenes (ER) a été cloné
par les laboratoires de P. Chambon et G. Greene (Germain et al., 2006). Le clonage de ces
RNs a permis de montrer une forte homologie de structure entre leurs protéines déduites et a
permis de les regrouper dans la superfamille de RNs. Cette superfamille est maintenant
reconnue comme étant 'une contenant le plus grand nombre de membres parmi les familles
de facteurs de transcription des eucaryotes (Mangelsdorf et Evans, 1995). Chez les
mammiferes, espece humaine comprise, cette superfamille comporte plus d’une quarantaine
de membres (Robinson-Rechavi ef al., 2001 ; Robinson-Rechavi et al., 2003 ; Zhang et al.,
2004). Au cours des dernic¢res décennies, la recherche sur ces facteurs de transcription a été
extremement active du fait que ces protéines sont des régulateurs puissant de 1’expression

génique et constituent des cibles pharmacologiques majeures.

2.1. Classification des récepteurs nucléaires.

11 existe plusieurs méthodes de classification des RNs : en fonction de leur homologie,
de leur mode de fonctionnement ou en fonction de la nature de leur ligand (récepteurs aux
stéroides, récepteurs non stéroidiens, récepteurs orphelins). Toutefois, dans les années 2000,
la classification des RNs a été repensée en termes d’homologie de structure. Ils ont été
regroupés en 7 familles définies d’aprés des données phylogénétiques (Tableau 3) (Laudet,
1997; Nuclear Receptors Nomenclature Committee, 1999; Giguere, 1999). La famille la plus
diversifiée est la famille NR1, qui regroupe les récepteurs des hormones thyroidiennes, les
RARs (Retinoic Acid Receptor) ainsi que les PPARs et les LXRs (Liver X Receptor).
L’ensemble des récepteurs des stéroides (androgeénes, cestrogeénes, progestérone et
corticostéroides) est regroupé dans la famille des récepteurs NR3, tandis que les RXRs
(Retinoid X receptors) font partie de la famille NR2. Il est a noter qu’une 7éme catégorie de
récepteurs nucléaires a été définie, les récepteurs NRO comprenant deux membres, NROB1
(DAX1) et NROB2 (Small Heterodimer Partner) qui ne possédent chacun qu’un seul des
domaines conservés C ou E (Laudet, 1997; Nuclear Receptors Nomenclature Committee,

1999; Giguere, 1999).
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Tableau 3. Nomenclature et classification des récepteurs nucléaires humains selon leur
homologie de structure. Cette classification des récepteurs nucléaires, proposée par le Nuclear
Receptor Nomenclature Committee, se base sur l'analyse des homologies de séquence des
domaines C, D et E. Il existe, chez I’'Homme, 48 récepteurs nucléaires classés en sept
familles, de NRO a NR6 (d'apres Laudet, 1997; Nuclear Receptors Nomenclature Committee,
1999; Giguere, 1999).

Famille | Groupe | Membre | Acronyme Nom
NRI1A1 | TRa Thyroid hormone Receptor alpha
A NR1A2 | TR Thyroid hormone Receptor beta
NRIB1 | RARa Retinoic Acid Receptor alpha
B NRI1B2 | RARP Retinoic Acid Receptor beta
NRIB3 | RARy Retinoic Acid Receptor gamma
NRIC1 | PPAR« Peroxisome-Proliferator-Activated Receptor alpha
C NRI1C2 | PPARP/S Peroxisome-Proliferator-Activated Receptor beta
NRIC3 | PPARy Peroxisome-Proliferator-Activated Receptor gamma
NRID1 | Rev-ErbAa | Reverse ErbA alpha
NRI1 b NRID2 | Rev-ErbAB | Reverse ErbA beta
NRIF1 | RORa RAR-related Orphan Receptor alpha
F NRI1F2 | RORp RAR-related Orphan Receptor beta
NRIF3 | RORy RAR-related Orphan Receptor gamma
NR1H2 | LXRp Liver X Receptor beta
H NRIH3 | LXRa Liver X Receptor alpha
NR1H4 | FXR Farnesoid X Receptor
NRI1I1 | VDR Vitamin D Receptor
I NRI1I2 | PXR Pregnane X Receptor
NRII3 | CAR Constitutive Androstane Receptor
NR2A1 | HNF4a Hepatocyte Nuclear Factor 4alpha
A NR2A2 | HNF4p Hepatocyte Nuclear Factor 4beta
NR2B1 | RXRa Retinoid X Receptor alpha
NR2 B NR2B2 | RXRp Retinoid X Receptor beta
NR2B3 | RXRy Retinoid X Receptor gamma
NR2C1 | TR2 Testicular Receptor 2
¢ NR2C2 | TR4 Testicular Receptor 4
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NR2E1 | TLX drosophila Tailless homologue
E
NR2E3 | PNR Photoreceptor-specific Nuclear Receptor
Chicken Ovalbumin Upstream Promoter-
NR2F1 | COUP-TFI
Transcription Factor I
F Chicken Ovalbumin Upstream Promoter-
NR2F2 | COUP-TFII o
Transcription Factor 11
NR2F6 | EAR-2 ErbA2-Related gene-2
A NR3A1 | Era Estrogen Receptor alpha
NR3A2 | Erf Estrogen Receptor beta
NR3B1 | ERRa Estrogen receptor-Related Receptor alpha
B NR3B2 | ERRp Estrogen receptor-Related Receptor beta
NR3 NR3B3 | ERRy Estrogen receptor-Related Receptor gamma
NR3C1 | GR Glucocorticoid Receptor
c NR3C2 | MR Mineralocorticoid Receptor
NR3C3 | PR Progesterone Receptor
NR3C4 | AR Progesterone Receptor
NR4A1 | NGFIB Nerve Growth Factor-Induced factor B
NR4 A NR4A2 | NURRI1 NUR Related factor 1
NR4A3 | NORI1 Neuron-derived Orphan Receptor 1
NRS5A1 | SF1 Steroidogenic Factor 1
NRS5 A
NR5A2 | LRH-1 Liver Receptor Homologous protein 1
NR6 A NR6A1 | GCNF Germ Cell Nuclear Factor
Dosage-sensitive sex reversal, Adrenal hypoplasia
NROB1 | DAX1
NRO B critical region on X chromosome gene 1
NROB2 | SHP Small Heterodimer Partner

Les RNs peuvent également étre classés en fonction de leur mode de dimérisation et
de la structure de leur domaine de liaison a ’ADN. Le domaine de liaison a I’ADN est
constitué de la répétition d’une séquence de fixation du RN sur I’ADN, sépar¢ par un nombre
variable de nucléotides. Quatre classes de RNs ont ainsi été constituées (Figure 13). La
premicre classe comprend les récepteurs des hormones stéroides (récepteurs des
glucocorticoides (GR), androgénes (AR), cestrogénes (ER), minéralocorticoides (MR) et
progestérone (PR)) et se fixe sur I’ADN sous forme d’homodimeére. La deuxiéme classe est

composée des récepteurs qui forment des hétérodimeres avec les RXRs (récepteurs de 1’acide
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9-cis rétinoique), et se fixe sur des répétitions directes de séquences d’ADN. Les classes I1I et
IV regroupent des récepteurs qui se distinguent selon qu'ils se fixent a I'ADN sous forme
d'homodiméres (comme par exemple les RXRs) ou sous forme de monomeres respectivement
; la plupart des récepteurs orphelins appartiennent a ces deux sous-catégorie (Olefsky, 2001 ;
Mangelsdorf et Evans, 1995). Il est a noter que les récepteurs dimériques peuvent se fixer sur
I’ADN par des ¢léments de réponse définis comme des répétitions directes (Direct Repeat ;

DRn), inversée (Indirect Repeat ; IRn) ou evertée (Everted Repeat ; ERn).

Classe 1 : récepteurs des stéroides Classe 2 : Hétérodimeéres de RXR
GE TE FXR
F’ 4‘ LR, E "i RAR CAR.
GR GR PR VDR LXR
AR FPAR PRRMEXE
ER EcE
¢ e ) ( = = )
Classe 3 : récepteurs orphelins dimériques Classe 4 : récepteurs orphelins monomeériques
R, ou attachés
b‘ 4 COUR p MNGFI-B
; HINF -4 aF-1
TR Rev-eth
TL ROREZR

GCNF ERR.

Figure 14. Organisation fonctionnelle des RNs. Les quatre classes de RN selon leur mode de
dimérisation et leur domaine de liaison a I’ADN (d'apres Olefsky, 2001).

2.2. Structure des récepteurs nucléaires.

Les différénts RNs possédent une organisation générale trés similaire et contiennent
différents domaines fonctionnels notés de A a F (Figure 14). Chacun de ces domaines
possedent une fonction spécifique et représente divers degrés de conservation entre les

membres de la superfamille des RNs.

AB C D E F

N-term —( DBD LBD )— C-term
—y— gt Ty s
AF-1 CTE Dimérisation AF-2

Figure 15. Organisation structurelle des RNs. Ces protéines ont une structure constituée de
domaines (A-F) ayant des fonctions différentes (d'apres Olefsky, 2001).
43



Le domaine A/B :

Ce domaine représente la région amino-terminale et démontre une grande variabilité
en terme de taille et de séquence protéique. Une étude réalisée sur le récepteur de
progestérone humaine a démontré que ce domaine posseéde une activité transcriptionelle. Cette
activité dépend du promoteur et du type cellulaire (Vegeto et al., 1993). Ceci suggére que la
région A/B des RNs peut intéragir avec les corégulateurs spécifiques d’un type cellulaire
donné. Le domaine A/B contient une région appelée AF-1 dont la fonction est I’activation de

la transcription.

Le domaine C (domaine de liaison a I’ADN) :

C’est le domaine de liaison a I’ADN (DBD) des RNs, sous forme d’hétérodimere,
d’homodimeére ou de monomeére. Ce domaine est le plus conservé dans la superfamille des
RNs et est constitué de deux motifs en doigt de zinc (CI et CII), composé chacun d’un atome
de zinc chélaté par quatre résidus de cystéines. Cette liaison se fait sur des petites séquences
d’ADN cible «<HRE» ou Hormone Response Element. Ce site de fixation contient une ou
deux répétition directe (DRn), inversée (IRn) ou evertée (ERn) de demi-sites
hexanucléotidiques consensus séparés par un nombre variable de nucléotides (entre 0 et 7).
Par exemple les récepteurs aux stéroides reconnaissent la séquence consensus «KAGAACA»,
alors que les récepteurs aux cestrogenes avec d’autres récepteurs nucléaires reconnaissent la

séquence «cAGGCTA».

Le domaine D :

Ce domaine représente une partie charniere dans le RN et est constitué¢ d’acides
amingés faisant le lien entre le domaine C et le domaine E/F (domaine de liaison du ligand).
Cette région confere une certaine flexibilité structurale a la protéine. Cette région permet ainsi
de réaliser différentes configurations fonctionnelles et est impliquée dans la localisation des

RNs dans le noyau (Ylikomi ef al., 1992).

Le domaine E/F (domaine de liaison au ligand (LBD)) :

Ce domaine est le si¢ge de plusieurs fonctions dont la principale est la liaison du

ligand. La structure de ce domaine est caractérisée par la formation d’une poche hydrophobe
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dans laquelle le ligand de nature lipophile peut se fixer. Ce domaine assure non seulement la
fixation du ligand mais aussi la dimérisation entre les RNs et la régulation de la transcription
dépendante du ligand. A I’extrémité C-terminale du domaine et situé sur 1’hélice 12, on trouve
une région dénomée AF-2. Cette région est hautement conservée entre les especes et est
nécessaire pour I’activation dépendante du ligand. Elle joue également un réle important dans
la transactivation ligand-dépendante et le recrutement des coactivateurs (Feng et al., 1998).
Enfin, la région la plus terminale, dénomée F n’est pas présente dans tous les RNs. Son rdle
n’est pas trés bien connu, mais semble avoir un réle dans les récepteurs aux cestrogeénes dans
la spécificité du ligand et influencerait 1’activation transcriptionelle (Weatherman et al.,

2001).

2.3. Mode d’action des récepteurs nucléaires.

Les RNs sont des facteurs de transcription trés puissants. Ils contrdlent la transcription
de genes cibles par plusieurs mécanismes différents dont 1’activation et la répression de
certaines activités. En fonction de la localisation du RN dans la cellule en absence de ligand,

il existe en général deux modes de fonctionnement pour les RNs (Sonoda et al., 2008).

Dans un premier cas, nous avons des récepteurs cytoplasmiques inactifs (Figure 15),
en complexe avec des protéines de choc thermique (HSP). La présence de ces HSPs dans le
complexe inactif est indispensable pour une liaison spécifique du ligand (Chambraud et al.,
1990). La liaison du ligand au sein de la cavité hydrophobe du RN, permet 1’activation de ce
dernier, et sa dissociation du complexe réalis¢ avec les HSPs. Le récepteur va ensuite se
dimériser en hétérodimeére ou homodimere et va étre transloqué dans le noyau. Le dimeére va
se fixer sur la région HRE de son gene cible afin d’activer sa transcription. La nature de cette
régulation transcriptionelle dépend de la nature de ’homo ou de I’hétérodimere ainsi que de la

liaison des corégulateurs a la séquence AF-2 du RN (Nilsson et al., 2001).
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Figure 16. Mode d’action général des récepteurs nucléaires situés dans le cytoplasme. La
liaison du ligand entraine la libération du RN par les protéines chaperonnes. Le RN se
dimérise et est transloqué dans le noyau, afin de démarrer la transcription du gene cible
(d’apreés Chambraud et al., 1990 ; Nilsson et al., 2001 ; Sonoda et al., 2008).

Bien que ce modele d’activité soit vrai pour les récepteurs aux hormones stéroidiennes
(Pratt et Toft, 1997), la majorit¢ des RNs se trouve a l’intérieur du noyau aprés leur
traduction. Afin de moduler la transcription des geénes cibles, les RNs sont associés a de
nombreux corégulateurs de la machinerie transcriptionelle, comme des corépresseurs et des
coactivateurs (McKenna et al., 1999). Apres fixation du ligand, le complexe répresseur se
dissocie du récepteur, et ce dernier peut ensuite recruter un ou plusieurs coactivateurs.
Certains coactivateurs possédent une activité ATPase, amenant & un remodelage local de la
chromatine. D’autres coactivateurs possédent une activité histone acétylase, permettant ainsi

la dérépression de la structure chromatinienne (Narlikar et al., 2002).

En cas de présence d’un RN sans ligand, la chromatine compactée est dans un état de
répression di a une forte désacétylation de I’histone, et aucune transcription n’est possible. Si
le RN est activé par son ligand, la chromatine décompactée devient active avec de hauts
niveaux d’acétylation des histones et cela méne au déclenchement de la transcription.
Cependant, 1’ouverture de la chromatine n’est pas suffisante pour permettre 1’activation de la
transcription et donc des interactions supplémentaires entre les RNs et la machinerie

transcriptionelle seront requises pour réguler I’expression génique (Figure 17) (Narlikar et
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al., 2002; Wong et al., 1997). Les génes peuvent étre également régulés par les RNs via des

interactions directes avec d’autres facteurs de transcription.
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Figure 17. Mode d’action général des RNs situés a l’intérieur du noyau ainsi que le
mécanisme de la corépression et la coactivation de la transcription. En absence de ligand, les
RN sont associés a des complexes de corépresseurs, recrutant des protéines ayant une activité
histone désacétylase. La désacétylation des histones entraine un compaction de la chromatine,
conduisant & une répression transcriptionelle. La fixation du ligand entraine une libération des
corépresseurs, un recrutement de coactivateurs et une décompaction de la chromatine,
permettant I’activation de la transcription (d’aprés Narlikar et al., 2002; Wong et al., 1997).

Notre connaissance des mécanismes mis en jeu pour réguler I’expression génique par
les RNs mettent en évidence le role de ’intéraction spécifique entre le RN et son ligand et
celui de I’intéraction également spécifique de ce complexe avec I’ADN. Dans ce dernier cas,
le role éminant de coactivateurs et de corépresseurs font 1’objet des travaux actuellement en
cours. Les RNs ont un réle majeur lors de la la morphogeneése, croissance, la différenciation,
le métabolisme et la reproduction. Compte tenu de I’importance des RNs en physiologie
humaine et animale, leur role dans le développement de certaines maladies et leur importance
en tant que cible thérapeutique pour plusieurs maladies, une compréhension détaillée de leur
fonction aura un impact non seulement en biologie humaine mais également dans le
développement de nouveaux médicaments pour le traitement de plusieurs pathologies comme

le cancer, le diabéte, 1’athérosclérose ou encore 1’obésité.

Une partie des travaux réalisés dans le cadre de ce travail a consisté a évaluer le role

de certains NRs dans I’action d’un compos¢ organostannique, le chlorure de tributylétain
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(TBT) sur la dynamique du TAB. Il est donc necessaire de décrire les modalités d’action de

certains des NRs pouvant étre impliqués.

2.4. Retinoid X Receptors (RXRs).

2.4.1. Isotypes, conservation phylogénétique et ligands.

Les Retinoid X receptors (RXRs) sont des RNs membres importants et essentiels du
métabolisme des hormones stéroidiennes et thyroidiennes. Ils appartiennent a la famille NR2
des RNs (Tableau 3). Les RXRs sont impliqués dans divers processus cellulaires, de la
prolifération cellulaire au métabolisme lipidique (Lefebvre et al., 2010). Trois isotypes de
RXR (a, B et y) sont exprimés, et leurs taux d’expression différentiels varient selon le type
cellulaire et 1’état de différenciation des cellules. RXRa sont plutot prédominant au niveau de
I’épiderme, les intestins, les reins et le foie, les RXRp sont plutot ubiquitaire, alors que les
RXRy sont majoritairement expreimés au niveau du cerveau, des muscles et du tissu adipeux

(Dawson et Xia, 2012).

Les trois isotypes de RXRs sont bien conservés entre les différentes espéces de
vertébrés avec une conservation des groupes de synténie autour des génes orthologues entre
les mammiferes et les poissons téléostéens (Tallafuss ef al., 2006; Waxman et al., 2007).
L'existence de co-orthologues de ces génes dans le génome du medaka ou du poisson zebre
serait le résultat de la duplication globale du génome chez I’ancétre des poissons téléostéens

(Figure 18) (Tallafuss ef al., 2006; Waxman et al., 2007; Philip et al., 2012).
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Figure 18. Analyse phylogénétique de la séquence des isotypes de RXRs entre différentes
espeéces de vertébrés (d’apres Waxman et al.,, 2007). Les séquences humaines et de poisson
z¢bre sont respectivement encadrées en rouge et bleu.

Les RXRs ont initialement été classés parmi les récepteurs orphelins car leurs ligands
naturels étaient inconnus. Le « 9-cis retinoic acid » a été proposé comme le ligand pour ces
récepteurs, mais celui-ci n’a pu étre détecté dans les cellules in vitro et in vivo (Wolf, 2006).
Les acides gras poly insaturés (AGPI) tels que 1’acide docosahéxanoique (DHA) et un
métabolite saturé de la chlorophylle, I’acide phytanique, sont également proposés comme
ligands des RXRs (Dawson et Xia, 2012). D’autres composés synthétiques présentent
également une activité d’agoniste ou d’antagoniste des RXRs. Ceci concerne par exemple le
fluorobexarotene (FBA), le SR11237 et le CD3254 (pour une liste plus exhaustive, voir la
Figure 19). D’autres composés synthétiques, comme le tributylétain (TBT) et le triphenyltin
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(TPT), sont des contaminents de 1’environnement et peuvent étre ligands pour les RXRs

(Griin et Blumberg, 2006b; Shi et al., 2012) (voir Chapitre III).
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Figure 19. Structure chimique de quelques ligands naturels ou synthétiques des RXRs
(d’aprés Dawson et Xia, 2012).

2.4.2. L’activation transcriptionelle des genes cibles des RXRs.

L’identification des RXRs a constitué une avancée importante dans notre
compréhension du mode d’action des RNs car ceux-ci représentent le partenaire obligatoire
pour I’hétérodimérisation de nombreux RNs (Mangelsdorf et al., 1990) bien qu’ils puissent
également fonctionner sous la forme d’homodimeéres. Les RXR sont présents de manicre
ubiquitaire chez les métazoaires et leur activation se réalise a 1’aide de ligands de faible poids
moléculaires (Lima et al., 2011; Novak et al., 2008). De ce fait, ces RNs, jouent des roles
majeurs dans le développement embryonnaire, I’organogenese et la différenciation cellulaire.
Il est a noter que I’action relativement pléiotrope des RXRs provient de leur capacité a
I’hétérodimérisation avec d’autres NRs mais également du fait que leurs ligands peuvent
stimuler I’activation de la transcription du partenaire de 1’hétérodimere dans le cas de

récepteurs permissifs (Figure 20) (Lefebvre et al., 2010). Les RNs activés qui ont une affinité
50



moyenne pour leurs ligands, comme par exemple les PPARs, les FXRs ou les LXRs, peuvent
étre considérés comme permissifs lors de leur hétérodimérisation avec les RXRs, alors que les
RNs qui ont une forte affinité pour leurs ligands, tels que RARs, TR, et VDR, constituent en
général des hétérodimeres non permissifs avec les RXRs (Lefebvre et al, 2010). Le

mécanisme par lequel ces RNs interagissent entre eux reste encore trés peu connu.

Parmi les RNs qui forment des hétérodimeres avec un RXR, on rencontre trois types

d’hétérodimeres comme décrit en Figure 19.

A Transactivation non-permissive

)

=
S Lol ==
I S

! (=1 ey _—

RE TS

B Transactivation permissive
N o~ o)
’ ’ g =
" L B J

=t e &

= SO

RE TS
C Transactivation permissive conditionnelle

g T . TTae

-

[=——:3 aen. I AR
RE TS
NR NR agonist
= Protéine CoA :
RXR ? RXR Complexe
- transcriptionel
8 RNs non-permissifs (TR, VDR) ® Ligand TR ou VDR
o ] ¥ Licand PPAR ou LXR  Histone acetylase -

RNs permissifs (PPAR, LXR...) g LraNon e (CBP/p300) %
: RNs permissifs conditionnels @ Ligand RAR .

(RAR)

Figure 20. L’activation transcriptionelle par des hétérodimeres non-permissifs, permissifs et
permissifs conditionnels. A) activation transcriptionelle par des partenaires des RXRs non-
permissifs, comme TRs (thyroid hormone receptor) ou VDRs (vitamin D receptor) ; B)
activation transcriptionelle par des partenaires des RXRs permissifs, comme PPARs
(peroxysome proliferator-activated receptor) ou LXRs (liver (oxysterol) X receptor); C)
activation transcriptionelle par des partenaires des RXRs permissifs conditionnels, comme les
RARs (retinoic acid receptor) (d’aprés Dawson et Xia, 2012).

Les hétérodimeéres non permissifs

Ce type de complexe ne peut pas étre activé par le ligand de RXR. Seule la liaison

d’un ligand du partenaire de RXR permet une transactivation des génes cibles (Figure 19A).
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Dans ce cas, RXR est qualifi¢ de « partenaire silencieux ». Pour ce type d’hétérodimere,
I’orientation est toujours identique : RXR occupe la position 5’ sur I’élément de réponse
tandis que son partenaire occupe la position 3’. On rencontre notamment dans cette catégorie
les hétérodimeéres RXR/TR, RXR/VDR et RXR/RAR. Ce dernier hétérodimere présente
toutefois une particularité. Alors que le ligand de RXR seul n’est pas capable d’activer
I’hétérodimere, la liaison de I’acide rétinoique tout trans au site de liaison du ligand (LBD) de
RAR autorise la fixation d’un ligand de RXR ce qui augmente la transactivation d’un geéne
placé sous le contrdle d’un élément de réponse a RAR (RARE) (Minucci et al., 1997). Donc
I’hétérodimeére RXR/RAR est qualifié comme étant un hétérodimere permissif conditionnel
(Figure 20C).

Un ligand de RXR particulier a été identifié, le LG100754. Cette molécule agit
comme un antagoniste de RXR pour ’homodimére RXR/RXR et comme agoniste dans le cas
des hétérodimeres RXR/PPAR (a, B/d et y) (Rosemary et al., 2001). Ce ligand n’active pas les
autres hétérodimeres comme RXR/LXR(a et ), RXR/FXR/BAR et RXR/NGFI-B (Rosemary
etal., 2001).

Les hétérodimeéres permissifs

Les hétérodimeres permissifs sont activés par les ligands des deux partenaires de
I’hétérodimere, c'est-a-dire que 1’agoniste RXR peut activer I’hétérodimére mais aussi
I’agoniste de son partenaire. Parmi ce type d’hétérodimére nous pouvons citer les
PPAR/RXR, FXR/RXR et RXR/LXR (Figure 20B).

Chez les rongeurs, il a ét¢ montré que ’activation des RXRs avec un pan-agoniste
LG100268, provoque une diminution du poids corporel et le taux de la consommation
alimentaire, chez des rats Zucker obeses, et résistant a l'insuline (Ogilvie et al., 2004).
L’administration orale de cette molécule chez les rats pendant 6 semaines, provoque une
augmentation cinq fois plus importante de I'apoptose du tissu adipeux sous-cutanée et une
diminution dans cette masse grasse. Le traitement avait aussi des effets indésirables sur le
niveau de TAG qui a augmenté de deux fois. Une diminition de 75% du taux de 1’hormone
thyroidienne totale T4 a également été observée (Janesick et Blumberg, 2011). Cependant,
d’aprés certains auteurs l'utilisation potentielle d'un ligand RXR dans le but de réduire du
poids peut étre limitée a cause de la capacité¢ d'un ligand RXR a activer 1’hétérodimere
PPARY/RXR (Dawson et Xia, 2012). Il est connu que les hétérodimeres RXR/PPARy sont
cibles de plusieurs molécules obésogeénes (Griin et al., 2006 ; Janesick et Blumberg, 2011).

Une ¢tude a montré qu’une molécule obésogéne environnementale, le TBT, active
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I’hétérodimere RXR/PPARY via les RXR, car cette molécule a la capacité de se lier avec le

résidu Cys 432 de I’hélice 11 du RXRa (le Maire et al., 2009) (voir Chapitre III).

2.5. Peroxisome proliferator activated receptors (PPARs).

Les peroxysomes sont des organites cellulaires entourés par une membrane simple et
ne contenant pas de matériel génétique. Toutes les protéines qui le constituent sont donc
codées par des genes nucléaires et proviennent du cytoplasme. Les peroxysomes sont chargés
de la détoxification de la cellule par dégradation du peroxyde d’hydrogéne tres toxique et par
la B-oxydation des acides a trés longue chaine.

Les récepteurs activés par les proliférateurs des peroxysomes (PPARs) sont des
facteurs de transcription appartenant a la superfamille des RNs aux hormones (famille NR1,
Tableau 3) et ont été initialement découverts chez les rongeurs par Isseman et Green (1990).
Ces récepteurs peuvent transformer une grande variété de signaux de 1’environnement,
nutritionnels et inflammatoires en réponses cellulaires. Leur activit¢ est modulée par
I’interaction avec des ligands spécifiques de nature lipophiliques, qui peuvent étre naturel
comme les acides gras a longue chaine (AGLC) ou synthétique (Escher et Wahli, 2000). En
formant des hétérodimeéres avec les RXRs, le complexe PPAR/RXR modulent la transcription
aprés s’étre fixés sur des séquences spécifiques « Peroxisome Proliferator Response
Elements » (PPRE) localisées dans la région régulatrice de leurs genes cibles (Figure 21). Ils
contrdlent ainsi 1’expression des geénes impliqués dans le métabolisme lipidique et glucidique
(Berger et Moller, 2002; Barbier et al., 2002). Il existe trois isotypes de PPARs qui ont été
décrits a, /0 et y, appelé aussi FAAR ou NUIC suivant 1’espeéce ou ils ont été clonés. Ces
trois isotypes sont en général bien conservés entre les especes. Par exemple chez le poisson
zebre, I’existence des trois isoformes et leur expression tissulaire semblent similaires aux
mammiferes (Ibabe et al., 2002) avec une expression des trois génes qui dépend du sexe et du
stade de développement (Ibabe et al., 2005). De la méme maniére que chez les mammiferes,
I’expression du géne PPARy peut servir de marqueur des adipocytes chez le poisson zéebre

(Flynn III et al., 2009).
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Figure 21. Mécanisme de transcription des geénes par les PPARs (modifi¢ d’aprés Desvergne
et al., 2006). En absence de ligand, le PPAR interagit avec un complexe de corépresseurs qui
inhibe la transcription du géne par leur activité déacétylase. Suite a la liaison de ligands
naturels ou synthétiques, le corépresseur est libéré, le PPAR s’hétérodimérise avec le RXR.
Ce phénomene entraine le recrutement de co-activateurs présentant une activité acétylase qui
induit la transcription du géne cible.

2.5.1. Le PPARGo.

Le PPARa (NRIC1) est exprimé dans divers tissus notamment ceux qui ont un
potentiel catabolique important pour les acides gras (Ibabe ef al., 2002), comme le foie, le
ceeur, les reins, le tissu adipeux brun et ’intestin gréle (Escher ef al., 2001). Cette implication
des PPARa dans le catabolisme des acides gras se fait via son role régulateur des enzymes
clefs de la B-oxydation mitochondriale et péroxysomale des acides gras (Desvergne et al.,
2006). Les PPARa sont activés par des eicosanoides naturels dérivés de l'acide arachidonique
tels que l'acide 8-S-hydroxyeicosatétraénoique (8S-HETE), le leucotriene B4, ainsi que par
des phospholipides oxydés provenant des oxLDL (Willson et Wahli, 1997). Par ailleurs, les
fibrates, des ligands pharmacologiques et activateurs du PPARa, sont utilisés cliniquement
pour traiter les dyslipidémies. Les fibrates exercent leur effet hypo-triglycéridémiant, d’une
part par la stimulation du catabolisme des acides gras conduisant a une diminution de la
production hépatique des VLDL, et d’autre part, en activant 1’hydrolyse des lipoprotéines via
I’induction de la LPL et la diminution de I’ApoC-III hépatique (Staels et al., 1998). La
Figure 22A représente certains ligands des PPARa.
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Figure 22. Exemples de la structure chimique de quelques ligands des PPAR a, /3 et .

2.5.2. Le PPARp/o.

Le PPARPB/® (NRI1C2) est le plus ubiquitaire des PPARs. Il est présent dans de
nombreux tissus comme les muscles, le tissu adipeux, les poumons, le cerveau, et 1’intestin.
Dans ce dernier organe, le PPARP représente 1’isoforme majoritaire (Escher et al., 2001). Ce
récepteur possede plusieurs ligands synthétiques (Figure 21B). Il est impliqué dans
I’oxydation et le métabolisme des lipides ainsi que dans les mécanismes de la prolifération
cellulaire. Un traitement avec les agonistes de PPARB GW501516 ou le L165041 semble
avoir des effets hypolipidémiants grace a leurs effets inducteurs du captage musculaire des
acides gras et de leur catabolisme ce qui, secondairement, modulent le métabolisme des
lipoprotéines (Karpe et Ehrenborg, 2009). Un traitement des souris db/db avec les agonistes
PPARp montre un effet positif sur la réduction de la triglycéridémie (Leibowitz et al., 2000).

Une étude exhaustive réalisée chez le saumon atlantique, montre 1’existence de 4
genes pour les PPAR. Ces génes sont séparés dans deux familles ssPPARB1 et ssPPARB2 et

chaque famille contient deux isotypes ssSPPARBIA et B1B et ssSPPARB2A et f2B (Leaver et
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al., 2007). 1l a été montré que I’isoforme ssPPARBIA peut étre activée par les acides gras
monoinsaturés, le 2-bromopalmitate mais également 1’agoniste des PPARP des mammiféres,
le GW501516 (Leaver et al., 2007).

Il a été montré que les PPARP ont un role important dans le métabolisme lipidique et
la différenciation cellulaire des cellules adipocytaires en culture. En utilisant des cellules avec
une expression détériorée des PPARP les chercheurs ont observé une forte diminution de la
différentiation cellulaire et de 1’accumulation des lipides, diminution non récupérable méme
en présence de 1’agoniste du PPARy, le troglitazone. Par contre 1’ajout d’un agoniste
PPARP/o le L165041 dans le milieu de culture a potentialisé 1’action de 1’agoniste PPARy en

stimulant la différentiation adipocytaire et I’accumulation des lipides (Matsusue et al., 2004).

2.5.3. Le PPARYy.

Le PPARy (NR1C3) est majoritairement exprimé dans le tissu adipeux ou il controle
la différenciation cellulaire (Matsubara et al., 2005), le stockage des lipides et module I’action
de I’insuline. PPARY est aussi exprimé dans la muqueuse intestinale a des taux plus élevés
dans le colon et le caecum que dans I’intestin gréle. A ce niveau, son expression décroit du
duodénum au jéjunum (Lefebvre ef al, 1999; Chen et al., 2006). Le PPARY est considéré
comme le régulateur clé de I’adipogenese et pourrait permettre de faire le lien direct entre
I’obésité et le diabete de type 2 (Janesick et Blumberg, 2011). L’activation de ce RN par des
ligands naturels comme certains acides gras et leurs dérivés ou des xénobiotiques a montré un
effet positif sur la stimulation de I’adipogenése que ce soit in vitro ou in vivo (Janesick et
Blumberg, 2011). La famille des thiazolidinediones (TZD) (Figure 22C) comme les
glitazones (rosiglitazone, troglitazone...) représente des ligands puissants et sélectifs pour les
PPARy (Lehmann et al., 1995; Good, 2005). Cependant, les agonistes du PPARy sont
souvent utilisés pour réduire la résistance a I’insuline, ce qui s’accompagne d’une diminution
de I’hypertriglycéridémie et améliore ainsi le profil lipidique des patients (Pourcet et al.,
2006). Le PPARy présente également une bonne cible pharmacologique contre la néo
vascularisation rétinienne et choroidienne en bloquant I’expression des récepteurs du facteur
de croissance endothélial (VEGF) (Good, 2005). Un blocage des PPARy par 1’antagoniste
GW9662, empéche le développement de 1’obésité induite par une nourriture riche en lipides
chez des souris in vivo, sans avoir un impact sur le taux de la prise alimentaire (Nakano et al.,
2006). Une autre étude a également montré qu’une diminution de 50% dans I’activité des
PPARy induit une protection contre I’obésité provoqué par un régime riche en lipides et a la

résistance a 1’insuline (Takasawa et al., 2008). Une inhibition concomittante des PPARy et
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des RXRs par des antagonistes spécifique de chacune des deux isoformes, montre une
diminution significative de taux des TAG contenu dans le TAB, le muscle squelettique et le
foie (Yamauchi et al., 2001).

PPARy est également une cible pour les molécules obésogénes comme certains
médicaments ou certains perturbateurs endocriniens. Parmi ces molécules, on trouve les
analogues halogeénes du bisphénol A, avec un effet obésogéne indentifi¢ dans 1’espece
humaine, le poisson zebre et le Xénope (Riu et al, 2011), mais également les phtalates,
comme le monoethylhexyphtalate, ou des organoétains tels que le TBT (Kanayama et al.,

2005 ; Janesick et Blumberg, 2011).
2.6. Liver X receptors (LXRs).

Les LXRs font partie de la famille NR1 des RNs. Ils se lient 8 ’ADN de genes cibles
sous forme d’hétérodimeres permissifs avec les RXR (Lefebvre et al., 2010). Chez ’homme
et la souris ils existent sous deux isoformes, LXRa (NR1H3) et LXRp (NR1H2) provenant
chacune de deux génes distincts. Chez le poisson zebre, un seul géne [xr trés conservé par
rapport aux mammiféres a pu étre identifi¢ et sa protéine représente une forte identit¢ de

séquence avec les LXRa de mammiféres (Tableau 4) (Archer et al., 2008).

Tableau 4. Pourcentage d’acides aminés identiques entre les protéines homologues codées
par LXRo entre différentes espéces de vertébrés (d’aprés Archer ef al., 2008).

Longueur (aa) Poisson Humain Souris Rat Poulet  Fugu
zebre
Poisson zébre |412
Humain 447 69
Souris 445 70 91
Rat 445 70 91 97
Poulet 409 76 75 76 76
Fugu 363 93 78 78 77 83
Oryzias 390 88 73 74 73 77 96

Depuis leur découverte en 1995, les LXRs ont émergé comme des régulateurs
métaboliques puissants dans de nombreux tissus et types cellulaires (Laurencikiene et Rydén,
2012). Comme la plupart des RNs, les LXRs sont activés par des petits ligands lipophiliques.

Dans le cas des LXRs, les oxystérols et des dérivés du cholestérol, sont des ligands naturels
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(Wojcicka et al., 2007; Laurencikiene et Rydén, 2012). D’autres ligands synthétiques ont été
identifiés comme par exemple le T0901317 ou le GW3965 (Wojcicka et al., 2007).

Une analyse du profil d’expression des LXRs, montre que 1’expression de la forme 3
est plutdt ubiquitaire alors que la forme o présente des niveaux de transcrits ¢levés dans les
organes qui présentent un métabolisme lipidique actif comme le tissu adipeux ou les organes
stéroidogénes (Mouzat ef al., 2009). Les résultats obtenus ces derni¢res années suggérent que
les LXRs pourraient avoir des rbles importants dans le métabolisme des adipocytes.
Toutefois, la quasi-totalité de ces travaux ont été réalisés dans des cellules ou des tissus non-
adipeux et il est difficile a ce jour de connaitre le role exacts de ces RNs dans le TAB
(Laurencikiene et Rydén, 2012). Des travaux menées chez des souris KO déficientes et
I’analyse de l'expression des génes LXRa et LXR[ suggérent que les LXRs intervient dans la
régulation de certains nombre de geénes impliqués dans le métabolisme du cholestérol et dans
le métabolisme des acides gras dans le foie, les macrophages et l'intestin (Ulven et al., 2005).
Les LXRa et LXRp sont exprimés et activés par ligands endogenes et synthétiques dans le
tissu adipeux, ce qui mene a I'accumulation de lipide dans des adipocytes. Ceci indique un
role régulateur important de LXR dans plusieurs vois de signalisation du tissu adipeux,
comme le métabolisme du glucose et la synthése de novo d’acide gras (Ulven et al., 2005).
Les LXRs stimulent la synthése des acides gras de novo par la stimulation de la transcription
de certains geénes lipogénique comme le SREBP-lc (sterol regulatory element-binding
protein-1c) (Wojcicka et al., 2007). Un traitement de poissons zebres adultes avec 1’agoniste
synthétique des LXRs, le GW3965, induit une forte expression de genes impliqués dans le
métabolisme lipidique du foie (Archer et al., 2008). D¢s le stade embryonnaire, et dans les
premiéres 24 heures aprés la fécondation (hpf), Ixr est exprimé d’une maniére ubiquitaire,
suivit par une spécificité plus marquée pour le foie a 3 jours apres la fécondation (jpf), et pour
les intestins a 4 jpf, alors que chez les adultes presque tous les organes analysés lors de cette
¢tude représentent une expression de Ixr (Archer et al., 2008). Pour des adipocytes isolées de
la truite arc en ciel, I’expression des LXRs montre une augmentation importante lors de leur
différenciation et lors d’un traitement avec 1’agoniste T091317. Cette augmentation est
concommitante d’un niveau plus élevé de la lipolyse dans les cellules (Cruz-Garcia et al.,
2012). Un traitement de cellules musculaires (myotubes) humaines avec le T091317 pendant
4 jours, augmente la lipogenese en augmentant la synthése des lipides de novo et
I’accumulation des lipides (Kase et al., 2007). Cela est confirmé avec une autre étude sur des
préadipocytes humains en culture, les chercheurs ont montré que I'agoniste LXR T0901317 a
fortement stimulé l'expression de SREBP-1c et des enzymes lipogéniques ACC-1, FAS et

Stearoyl Coenzyme-A Desaturase 1 (SCD-1) dans la lignée cellulaire préadipocytaire
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humaine Chub-S7 ainsi que dans la fraction du stroma vasculaire primaire (SVF). Les effets
sur I'expression des geénes ont été associés a la stimulation de la lipogenése de novo dans les

deux mode¢les cellulaires, ce qui entraine 1'accumulation des lipides (Darimont et al., 2006).

Les LXRs sous forme d’hétérodimeres avec les RXRs se fixent sur ’ADN
principalement sur le « LXR response elements» (LXRE). En absence du ligand,
I’hétérodimeére LXR/RXR est fixé constitutivement sur le LXRE, et dans cet état inactif ces
RNs agissent comme des répresseurs de la transcription génique par le recrutement de
corépresseurs (Lobaccaro et al., 2001). Dans le cas contraire, en présence du ligand, la
fixation d’un agoniste de LXR ou de RXR sur I’hétérodimeére provoque le départ des
corépresseurs et la fixation des coactivateurs ce qui crée un environnement permissif pour la

transcription (Figure 23).

acide rétinoique 9-cis

acide rétinoique 9-cis

Figure 23. Mode d’action de I’hétérodimere RXR/LXR. L’hétérodimeére RXR/LXR peut étre
activé a la fois par I’acide rétinoique 9-cis et/ou un oxystérol. La double induction entraine
une activit¢ additive ou synergique sans doute par un recrutement plus efficace de
coactivateurs. ARN-pol IT : ARN polymérase II ; PIC : Pre-Initiation-Complex ; DR4 : Direct
Repeat 4 ; LXR : Liver X Receptor ; RXR : Retinoid X Receptor (d’apres Peet et al., 1998).

3. Les perturbateurs endocriniens

Le déversement en quantité et en diversité de nombreux composés issuent de 1’activité
humaine et industrielle pose la question de leur impact sur la santé humaine et animale. Un

certains nombre de molécules d’origine naturelle ou synthétique peuvent induirent des
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modifications non désirées du systéme endocriniens. Un perturbateur endocrinien (PE) peut
étre défini comme une « substance exogene capable d’interférer avec la synthese, la sécrétion,
le transport, la liaison, l'action ou l'élimination des hormones naturelles responsables du
maintien de I’homéostasie, du développement, de la reproduction et du comportement »
(Kavlock et al., 1996). Selon I’OMS, «un PE est une substance ou un mélange de substances
exogenes qui altérent les fonctions du systéme endocrinien et qui induisent des effets nocifs
sur la santé d'un organisme intact, de ses descendants ou (sous-) populations » (OMS, 2002).
Les PE ne sont pas liés a une classe chimique particuliere ou définis par un mécanisme
d’action spécifique. Le seul caractéere commun de ces agents xénobiotiques est dans leur
capacité a induire des modifications du systeme endocrinien, qui par la suite auront des

conséquences néfastes pour les organismes sains et leurs progénitures.

En effet, PE peuvent interagir directement avec le systéme endocrinien, e.g. pancréas,
testicules, ovaires, thyroide et parathyroides, TAB..., comme ils peuvent également impacter
la structure et/ou la fonction d’autres tissus et organes non endocriniens et affecter ainsi

indirectement le systéme endocrinien (Figure 24) ( Kavlock et al., 1996).

Direct acting Endocrine Indirect acting

endocrine disruptor system endocrine disruptor

Target Organs

Xenobiotic T RGN Reproductive system
organ toxicant Immune system

Neurological system

Adverse
effect

Figure 24. Schéma des intéractions entre systéme endocrine et systémes reproducteur,
neurologique et immunologique permettant d’illustrer la complexit¢ du mode d'action
potentiel des xénobiotiques (D’apres Kavlock ef al., 1996).

Il est connu de longue date que des substances exogénes peuvent interférer avec le
systéme endocrinien. Des préparations médecinales sont utilisées depuis la nuit des temps
pour moduler ce que nous appelerons ultérieurement le systéme hormonal ou endocrine. Les
agriculteurs ont établi depuis bien longtemps la corrélation entre I’ingestion par voie
alimentaire d’une espece particuliere de treéfle par certains ruminants et des problémes de

reproduction. Ce fourrage contient des molécules oestrogénomimétiques tels que le
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coumestrol (Adams, 1995). La capacité de substances chimiques naturelles ou synthétiques a
interagir avec les récepteurs des hormones endogenes était déja établie dés les années 1930
(Marty et al., 2011). A partir des années 1940, des composés stéroidiens ont commenceé a étre
utilisés dans le but de réguler le cycle de reproduction du bétail et d’améliorer I’efficacité et le
taux de la prise de poids. Dans le méme contexte, des produits, tels que 1'éthinylestradiol, le
mestranol, ou le noréthynodrel, ont ét¢ développés comme agents contraceptifs ou dans le but
de traiter des pathologies humaines (Marty et al.,, 2011). Vers les années 50, des scientifiques
ont découvert les propriétés biocides des composées organostanniques (organoétains) et leur
utilisation n’a cessé d’augmenter comme agents actifs dans plusieurs produits industriels,
comme les fongicides, produits repoussant pour les rongeurs, protecteur du bois, dans les

peintures anti-salissures et les stabilisateurs du polyvinyle chloride (PVC) (Hoch, 2001).

3.1. Classification des perturbateurs endocriniens.

La classification des PE peut se faire en fonction de différents parameétres: leur usage,
leur origine ou leur nature chimique. Les PE peuvent étre d’origine naturelle comme les
phytooestrogeénes ou bien synthétique comme des fongicides, herbicides ou insecticides, ou
bien des molécules pharmaceutiques comme les hormones de synthése ou bien cosmétiques
comme les filtres Ultraviolets (UV). Le Tableau 5 indique certains exemples de PE,

essentiellement des toxiques environnementaux.
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Tableau 5. Les classes principales de perturbateurs endocriniens (d’aprés Colborn et al.,

1993; Colborn, 1996).

HERBICIDES ET FONGICIDES INSECTICIDES

Fongicides Vinclozoline Organochlorés DDE
Procymidione Meéthoxychlore
Fénarimol DDT
Zirame Lindane
Nitroféne Dieldrine
Trituraline Heptachlore
Bénomyle Mancozébe Endoszulfan
Manébe Toxaphéne
Amaitrole Mirex
Tributylétain .
Pyréthrinoides de Dicofol
Zinebe
synthese Cyperm éthrine
Herbicides Atrazine Organophosphorés Parathion
Alachlore
Iinnron Carbamates Méthomyl
Carbaryl

PRODUITS CHIMIQUES

PHYTO-OESTROGENES
INDUSTRIELS

Hexachlorobenzeéne Génistéine

Biphényls polychlorés (PCB) et Dioxies Coumestrol

Bisphénol A Daidzéine

Styrenes Enterolactone
Alkylphénols Zéaralénone
Phtalates

Les effets observés suite au relargage massif de PE dans I’environnement se
caractérisent, entre autre, par 1’observation d’anomalies du développement des animaux, des
mortalités trés ¢élevées de certaines populations animales et des défectuosités de la
reproduction. L’une des premicres personnes a avoir attiré 1’attention du public sur les effets
indésirables des PE a été R. Carson dans son livre «Printemps silencieux» en 1962. Elle y
décrit les effets du dichlorodiphényltrichloroéthane (DDT) sur les populations d’oiseaux ce
qui a contribué a I’interdiction de I’utilisation de ce produit aux USA a partir de 1972. Les
années 1970, ont été marquées par I’affaire du diéthylstilbestrol (DES), qui est un estrogene
synthétique prescrit pendant plus de trente ans aux femmes enceintes afin de prévenir les

avortements spontanés, les risques des prématurités et les hémorragies gravidiques. Cette
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molécule est maintenant interdite. Les scientifiques ont en effet pu faire le lien entre la
prescription de cette molécule a la mere et ’apparition d’anomalies majeures du tractus
génital des femmes issuent de ces grossesses (Treffers et al., 2001). Cette molécule est par

ailleurs un obésogene puissant (Newbold et al., 2009).

Des nombreux travaux scientifiques ont permis d’établir un lien de cause a effet entre
la présence de xénobiotiques dans I’environnement et 1’apparition d’anomalies dans les
populations animales, en particulier aquatiques. Ceci concerne par exemple les composés
organostanniques (Chagot et al., 1990). Le bisphénol A est un autre exemple de substance
trés largement utilisée et dont I’interdiction devrait étre définitive. Cette molécule est tres
largement utilisée dans les plastiques polycarbonates, les résines de polystyréne et les
scellants dentaires. Elle est également utilisée comme additif & d'autres maticres plastiques
telles que le PVC (Casals-Casas et Desvergne, 2011). Cette molécule provoque des effets
néfastes a des périodes critiques au moment du développement feetal et postnatal, ce qui
conduit a des troubles métaboliques a I’age adulte. Elle peut agir a trés faible doses largement

en dessous de la dose journali¢re admissible actuellement (50 pg/kg/j) (Nalbone ef al., 2011).

3.2. Mécanismes d’action des perturbateurs endocriniens.

La perturbation endocrinienne se caractérise non pas par un effet toxique, mais par une
modification du systétme endocrinien susceptible d’entrainer un effet toxique lorsque les
régulations homéostatiques sont perturbées. Les cibles des xénobiotiques sont multiples.
Comme plusieurs études le montrent, les PE peuvent interférer avec les NRs selon plusieurs

mécanismes (Figure 25). Ils peuvent agir comme des :

» Agonistes: ils peuvent imiter I’action d’une hormone naturelle en se fixant sur le
récepteur cellulaire et entraine une réponse normale. Ils peuvent aussi favoriser le
recrutement des coactivateurs par I’hétérodimere et par la suite le déclenchement de la
transcription du géne cible (Figure 25a) (Casals-Casas et Desvergne, 2011).

» Antagonistes: ils peuvent se lier au récepteur hormonal et inhiber sa liaison a I'ADN et
donc empécher la transcription d’un gene cible en prenant la place de I’hormone
naturelle, ils favorisent des changements de conformation qui permettent le
recrutement de corépresseurs (Figure 25b) (Casals-Casas et Desvergne, 2011).

» Agents compétitifs sur le recrutement des coactivateurs ou la liaison sur site de I’ADN
: Les PE peuvent interférer d’'une maniére indirecte, la liaison d’un PE avec un

récepteur nucléaire (exemple RN2) peut perturber le fonctionnement d’un autre
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récepteur nucléaire (exemple RNI1) via une interférence moléculaire comme la
compétition pour recruter les coactivateurs (Figure 25¢) ou pour la liaison sur les sites
de liaison a ’ADN (Figure 25¢) (Casals-Casas et Desvergne, 2011).

» D'autres mécanismes indirects sont : 1) la liaison de deux récepteurs nucléaires RN1 et
RN2 a des séquences d’ADN voisines, ce qui peut conduire soit & une synergie ou une
inhibition de l'activité de régulation (Figure 25d), 2) une activation de transcription
stimulée par la fixation du PE sur un des deux récepteurs nucléaires, ce qui entraine la
dégradation de 1’autre récepteur par l'activation du protéasome (Figure 25f) (Casals-

Casas et Desvergne, 2011).

a Activation ou modulation

f Activation
protéasome

."‘ -
INR2
C -l‘ \@
Proteasome \ T

Concurrence PE

e
liaison a I'ADN / 1 \

b Inhibition

«n-". 5
(NRE1 ]

C Squelching

Figure 25. Schéma représentant les différents modes d’action des xénobiotiques via les
récepteurs nucléaires, PE, perturbateur endocrinien; NR1/NR2, récepteurs nucléaires type 1 et
2; coAct, coactivateurs; coRe, corépresseur ; NRE1/NRE2, ¢lément de réponse de récepteur
nucléaire 1 et 2 (Casals-Casas et Desvergne, 2011).
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3.3. Les composés organostanniques.

Les composés organostanniques (organoétains) sont des produits industriels de
synthese. Ils sont des dérivés organiques de I'étain (Sn4 +) et sont caractérisés par la présence
d’au moins une liaison covalente entre un atome de carbone et un atome d'étain. Les
composés organostanniques sont désignés comme des mono-, di-, tri-, tétra- composés
organiques de I'étain et ont la formule générale (n-C4H9), Sn-X, ou X est un anion ou un
groupe li¢ de facon covalente par un hétéroatome (Okoro et al., 2011). La pollution par les
organoétains dans le milieu aquatique est une préoccupation mondiale. Deux groupes de
composés sont toxiques pour la vie aquatique, les Tributylétains (TBTs) et les triphénylétains.
Dans ce travail de thése nous avons déterminé par quelle voie de signalisation des RNs le

TBT agit t-il sur le TAB du poisson zebre pour induire son effet obésogeénique (Chapitre III).

3.3.1. Le tributylétain.

De point de vue économique, les navires et les bateaux qui possédent des coques
propres et lisses se déplacent plus rapidement et consomment beaucoup moins de
combustibles. Toutefois, les objets flottant a la surface de 1’eau se recouvrent rapidement
d’organismes vivants sous la ligne de flottaison, car ils servent ainsi de support pour le
développement de ces organismes en particulier marins (Alzieu et al., 1980). Les salissures
biologiques peuvent étre a I’origine d’ importants dommages en particulier dans la perte de la
vitesse des navires, de la surconsommation de carburant, du développement des points de
corrosion, de 1’augmentation du poids des bouées et des équipements flottants et du
rétrécissement des canalisations (Alzieu et al., 1980). Au cours des années 1960, les peintures
antisalissures ont ét¢ mises au point par 1’industrie chimique, ces peintures sont notamment
composées de produits organostanniques, comme TBT. Ce type de peinture a démontré une
trés grande efficacité contre I’adhésion et le développement des algues et des organismes sur
la coque des bateaux. Des quantités massives de ce type de composés ont été ainsi déversées

dans notre environnement.

Les composés tributylétains sont des composé organostannique de formule chimique
(n-C4Ho)3Sn-H, comportent plusieurs sous-produits: Oxyde de tributylétain, fluorure de
tributylétain, chlorure de tributylétain (Figure 27), tributylétain hydroxyde, naphténate de
tributylétain et tris(tributylstanyl) phosphate sont les principaux organoétains utilisés dans

I’industrie des biocides (Clark ef al., 1988).
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Figure 26. Structures du tributylétain et du chlorure de tributylétain.

3.3.1.1. Domaines d’utilisation de TBT.

L’utilisation de TBT dans les peintures antisalissure a eu un intérét particulier, car elle
représente avec son utilisation en agrochimique, les voies les plus importante de sa libération
dans I’environnement (Ayanda et al., 2012). Les organoétains étaient utilisés également
comme stabilisateurs de PVC avec un pourcentage pouvant atteindre 70% (Ayanda et al.,
2012). Comme slimicide dans des tours de refroidissement, ils agissent comme fongicides,
bactéricides, insecticides mais également comme des conservateurs pour le bois, le textile, le
papier, le cuir, et dans 1'équipement électrique (Clark et al., 1988 ; Hoch, 2001). La Figure 26
donne une vue d'ensemble des voies d'utilisations des produits a base d’organoétains. Il est
intéressant de noter que les dérivées dialkyltins sont utilisés comme des stabilisateurs de
chaleur et des catalyseurs, alors que le trialkyl-et les dérivées triaryltins sont utilisés
principalement comme des biocides (Piver, 1973). Ces nombreuses applications
commerciales des composés organostanniques ont conduit & une tres forte augmentation de
leur production mondiale, de quelque tonnes dans les années 50, a 30 — 35 000 tonnes/an au
début des années 80 pour atteindre plus de 50 000 tonnes en 1992 (Alzieu et al, 1998 ;
Ayanda et al., 2012).
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Figure 27. Schéma représentant la distribution de I’utilisation des produits a base
d’organoétains (d’apres Piver, 1973).

3.3.1.2. Propriétés physico-chimiques des organoétains.

La solubilité des organoétains est variable selon le type de sous-produit, par exemple
pour le chlorure de TBT, elle est de 17 mg/l dans I’eau distillé et de 5.7 + 2.3 mg/l a la
pression de vapeur de 4.2, pH > 7 et une salinité de 18% (Ayanda et al., 2012). Dans la
molécule des organoétains, la liaison carbone-étain est un point de moindre résistance, la
dégradation des organoétains est réalisée par des facteurs biotique et abiotique. Le clivage de
la liaison Sn-C peut se produire sous irradiation UV, qui est le processus de dégradation
abiotique le plus important (Alzieu et al., 1998; Okoro et al., 2011). La demi-vie du TBT
dans I’eau de mer varie selon les conditions du milieu (température, pH, turbidité,
éclairement), elle peut aller de quelques jours a quelques semaines. La dégradation est plus
rapide dans les eaux chargées en maticre en suspension; les demi-vies calculées varient de 5,8
jours en période estivale pour des eaux turbides, a 127 jours en hiver dans des eaux
dépourvues de matériel particulaire (Alzieu et al., 1998), sa dégradation est aussi fortement
ralentie en milieux froids.

Le TBT possede un comportement hydrophobe ce qui favorise son piégeage dans les

sédiments et donc son élimination de la phase aqueuse conduisant a un stockage a long terme
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de ce contaminant. La demi-vie de TBT dans les sédiments est estimée entre plus d’une année
et quelques dizaines d’années (Alzieu et al., 1998 ; Ayanda et al., 2012). Ce phénoméne de
absorption du TBT dans les sédiments semble €tre un processus réversible en fonction des

conditions (Ma et al., 2000).

3.3.1.3. Introduction dans I’environnement et bioaccumulation.

Les effets déléteres et incontrolés du TBT provenant de peintures anti-salissures ont
¢té documentés dés dans la fin des années 1970 dans le bassin d’Arcachon (Sud-Ouest de la
France) par des chercheurs de 'IFREMER. A cette époque ces chercheurs ont tiré I’alarme et
ont montré que le responsable majeur des problémes rencontrés avec les huitres, Crassostrea
gigas, tels que la forte mortalité au stade larvaire et I'apparition d'anomalies de calcification
des coquilles chez les adultes étaient due a la forte contamination des eaux par le TBT. Ces
problémes avaient provoqué une forte baisse dans la valeur commercialisable des stocks de
mollusques (Evans et al., 1995 ; Alzieu, 2000). Dans le bassin d’Arcachon, entre 1977 et
1981, les valeurs de concentrations en TBT déterminées dans 1’eau excédaient les 100 ng/L,
alors que suite a la réglementation de janvier 1982 sur I’utilisation du TBT en France dans les
peintures anti-salissures, les valeurs sont repassées au niveau de 1 ng.L-1 a la fin des années
80 et au début des années 90 (Figure 28) (Ruiz ef al., 1996).

Dans le but d’évaluer les problémes causés par le TBT et ses dérivés, plusieurs études
environnementales ont été réalisées dans les eaux douces, marines, dans les sédiments et
méme dans certains organismes biologiques dans le monde entier. La contamination par le
TBT et ses dérivés a été détectée partout dans les milieux marins avec des concentrations qui
varient selon le temps et I’espace. Les chercheurs avaient remarqué que les taux les plus
¢levés se trouvent dans les régions cotieres ou la circulation des navires et I’activité nautique
sont les plus fortes.

Avant que I’utilisation du TBT soit réglementée, les analyses des concentrations de ce
produit dans les eaux marines étaient trés élevées. Par exemple en 1983, des concentrations
comprise entre <30 et 630 ng/l de TBT dans la riviére Crouche en Grande Bretagne, tandis
que dans les eaux de la baie de Chesapeake allaient de <I jusqu'a 1342 ng/l de TBT et entre 5
et 235 ng/l TBT dans le bassin de San Diego (Seligman ef al., 1986 ; Huggett et al., 1992). En
ce qui concerne la France, une étude réalisée sur la cote atlantique entre 1986 et 1987, montre
des valeurs de TBT comprises entre 4 et 63 ng/l , alors que dans la cote méditerraniénne, une
¢tude en 1988 a montré des concentrations qui peuvent aller jusqu'a 250 ng/l (Alzieu et al.,

1998).
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Figure 28. Estimation de I’évolution historique des concentrations de TBT dans les eaux
ouvertes du Bassin d'Arcachon (France) (d’aprés Ruiz et al., 1996).

3.3.1.4. Législation des produits a base de TBT et concentrations observées.

Les conséquences économiques et environnementales ont obligé certains pays a mettre
en place rapidement une réglementation interdisant 1’'usage de TBT. Les composés
organostanniques utilisés pour le traitement antifouling des coques de bateau sont interdits en
France depuis janvier 1982 dans les peintures anti-salissures pour les bateaux de moins de
25m. Cette interdiction en France a été vite suivie par la Grande Bretagne en 1987, les Etats
Unis en 1988, et le Canada en 1989. Depuis 2003, I’interdiction d’usage a été portée a tous les
navires battant pavillon de I’'UE (sauf Marine Nationale) avant que I’OMI en 2008 proscrive
tous les systémes anti-salissures susceptibles de libérer des composés organostanniques
(Andral et al,, 2011).

Un certain nombre de données bibliographiques concernant le taux de TBT dans les
eaux marines, les sédiments et aussi pour certains organismes biologiques, dans différents
points dans le monde et en France sont représentés dans le Tableau 6. Ces informations
peuvent étre utiles afin de connaitre le niveau de distribution de ce contaminant au niveau

mondial.

Des années apres I'interdiction de I'utilisation du TBT en Europe, Devier et ses
collaborateurs ont fait une étude sur différents sites dans la région d’Arcachon, ils ont
remarqué qu’en général les taux de TBT sont relativement faibles, sauf a 1’entrée du bassin

(site Banc d'Arguin), les valeurs de TBT détectées apres la saison d’été (mois d’aout) étaient
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le double des valeurs détectées initialement (début de la saison). L’explication donnée
consiste en une entrée de TBT a cause du mouvement nautique durant la période d’été par une
utilisation illégale des peintures anti-salissures a base de TBT, en plus la géométrie fermée de
ce site, entouré de nombreux bancs de sable (Devier ef al., 2005). D’autres rapports montrent
que malgré ces interdictions, des concentrations non négligeables en TBT et de ses dérivés,
sont observées a proximité des zones portuaires importantes, en Picardie, en Bretagne et en
Provence, Globalement, les niveaux de contamination apparaissent plus élevés en
Meéditerranée qu'en Atlantique, ce qui pourrait étre dii a l'absence de marée et donc a un
moindre renouvellement des eaux cotieres a proximité des sources portuaires (Andral et al.,
2011). L’autre raison invoquée est I’absence de réglementation dans les pays d’Afrique du
Nord qui pourraient contaminer la cote francaise. Une étude en 1999 démontre qu’il existe
toujours des sources de contamination pour la cote francaise dans I’ensemble des ports méme
aprés I’interdiction (Michel et Averty, 1999). Ce cas de figure observé en France est similaire
pour plusieurs autres pays, comme au Canada par exemple. Des chercheurs ont montré des
taux de contamination élevés dans plusieurs sites vers 1995 (Chaux et al., 1997).

En raison de l'utilisation généralisée de quantités considérables de TBT, cette
molécule est entrée dans divers écosystemes. Ce composé doit retenir notre attention car il est
décrit comme la substance la plus toxique qui ait jamais été introduite dans le milieu marin et
class¢ comme un des PE les plus puissant jamais produit (Evans et al., 1995; Pereira ef al.,
1999; Ayanda et al., 2012). Cette molécule possede une toxicité élevée pour la vie aquatique

méme a de tres faibles concentrations (Chagot et al., 1990).

L’utilisation du TBT en tant qu’additifs a des peintures antisalissures représente 1’une
des voies les plus importante d’introduction du TBT dans l'environnement aquatique, avec
une participation de ces applications industrielles et agricoles (Clark et al., 1988; Hoch,
2001). Cette catégorie de substance nocives représente un risque non seulement pour les
écosystemes aquatiques mais également terrestres (Chagot et al., 1990). Le caractére
hydrophobe de TBT est le critére le plus important qui favorise son accumulation et sa
persistance dans I’environnement. Son accumulation dans la microcouche de surface favorise
sa photo-décomposition par des rayonnements UV, mais dans les écosystémes aquatique et
terrestre ce processus est treés limité car leur piégeage dans les sédiments semble étre la voie

principale (Hoch, 2001).
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Tableau 6. Quelques données bibliographiques concernant les teneurs en TBT dans les eaux marines, les sédiments, mais également dans certains tissus
biologiques, en différents points du monde (d’aprés Michel et Averty, 1999 ; Okoro et al., 2011).

Tributylétain dans les sédiments Tributylétain dans I’eau de mer

Tributylétain dans certains tissu biologiques

Sampling location Year TBT (ng/g dw) Sampling location Year TBT (ng/nl) Sampling location Biological sample Year TBT (ng/g dw)
West and east cost, Canada 1995 <d.1-5100 West and east cost, Canada 1995 <d.1,-500 Coast, Canada Mussel 1995 20-1198
Crystal Lake, US 2001-2003 1.5-14,000a Coast, Korea 1997-1998 <d.1,-4.5 Mussel 1996 < 1440a,b
North coast of Kyoto, Japan 2003 3.9-27
Port of Osaka, Japan 1995-1996 10-2100 South west coast, Spain 1993 9.1-79 Japan sea, Japan Walley pollock 1991 22-64a
Coast, Malaysia 1997-1998  2.8-1100ab South east coast, France 1998 <0.015-0.12 Bangladesh Fish 1994 0.47-3
Great Barrier Reef World Heritage Area, Australia 1999 <d.1-1275 Coastal waters, Greece 1998-1999 <d.1-70 Aomori, Japan Fish 1996 <d.1,-240a,ba, b
Alexandra harbour, Egypt 1999 1-2076 North west coast, Spain Not provide 0.4-196.6 Coast, Korea Vivalves 1997-1998 16-1610
Kochi harbour, India 2000-2001  16.4-16,816b Coast, Korea Starfish 1997-1998 7-323
Mumbai harbour, India 2000-2001 4.5-1193b Coast, Malaysia Fish 1998 2.4-190a, b
Fishing harbours, Taiwan 2001-2004 2.4-8548b Marinasareas along the French Harbours along the French coasts Aqua culture area, Taiwan Oyster 2002 <38417a,b
West coast, India 2002-2003 5-2384b coasts monitored in 1997 monitored in 1997 North coast of Kyoto, Japan Mussel 2003 0.8-11a
North coast of Kyoto, Japan 2003 1.2-19 English Channel English Channel Coast, Vietnam Clam 2003 38-15
Coast, Vietnam 2003 §.3.51 Dunkerque 16.8 Dunkerque 7-154 Coastline of Hong Kong, China T. Clavigera 2004 <d.l-18
Sanricu coast, Japan 2005 2-14,000 Calais 87.7 Calais 18.7-43 Coastline of Hong Kong, China T. Luteostoma 2004 38-170
Boulogne 49 Boulogne 23-86.3 Sanrieu coast, Japan Mussel 2005 3-287
OQuistreham 46 Le Havre 7.3-174
Port en Bessin 58.6 Ouistreham 18.7
West coast, France 1993 7-30 m g [;-(; 111 P'::'.'h:bﬁmm 55'§:°'l Northwestem Mediterranean, Spain ~ Deep sea fish 1996 1.0-52a
River Thames, UK 1994 1-60 Roscoff. 1.7 River Elbe and North Sea Fish 1993 66-490a, b
South west coast 1998 1.2-130 Atlantie Atlantle The Netherlands Fish 1993 9.2-67a,b
Tagus Estuary, Portugal 1998-1999 5.4-35b Brest 86-11.1 Brest 11.6-37.4 South west Coast, Spain Oyster 1993-1994 269-96
Danish harbours and marinas, Demark 1998 100-5000b La Trinitésur Mer 1838 i 129 Strait between Denmark and Sweden Vivalve 1997 200-300a,b
North west Sicilian coast, Italy 1999-2000 3-27 Le Crouesty 1.4-44 i 15.5-98.5 Baltic Sea, Poland Mussel 1998 2.2-39a
North east coast, Spain 1995-2000 51-7673 Pomic 158 Saint Nazaire 8.4-30 South west coast, Spain H. Trunculus 1999 18
Coast, Portugal 1999-2000 <3.8-124 st Gilles Croix de Vie 19 §t Gilles Croix de Vie 19 Coast, Portugal Mussel 1999-2000 <5.7-489
North coast, Spain 2000 50-5480 G e 2122 Les Sables d'Olonne 2123 Northwestem Sicilian coasts, Italy H. Trunculus 1999-2000 <d.1,91
South west, France 2001 <d.1-89 La Rochelle 3.4-164 La Rochelle 33.78.4 West coast, Portugal Mussel 2000 11-789
Barcelona harbour, Spain 2002 98-4702 e 12.7-21.9 Hendaye 334 Aegean Sea, Greece Bivalves 2001-2003 <5.7-489
North west coast, Spain 2005 0.6-303 Hendaye 6.1 North west coast, Spain Ovyster 2005 74-193
My e dile T AR ean North west coast, Spain Mussel 2005 52.8-96
Banyuls 12.5-13.6 Port Vendres 5.7-13.6
Gruissan 10-11.8 Sete 38-214
Cap d'Agde 4.6-27.1 Fos sur Mer 50-53
Port Camargue 66.1-115.2 Marseille 40.2-109.3
Marseille 40.2-137.2 Toulon 42-2373
Toulon 37.7-67.9
Cannes 59.2-189.1
Nice 72.9-199.3

Dw, dry weight; TBT = Tributyltin; < d.1 = below detection limit. a, Wet weight; b, ng organotin instead of Sn; ¢, It is not specified wheither concentration is given on basis of dry or wet weight
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La Figure 29 représente les sources des organoétains et leurs distributions dans le
milieu aquatique. Les bactéries ont ét¢ remarquées pour avoir une capacité remarquable
d’accumulation des organoétains. Les bivalves marins sont également en mesure d'accumuler
des quantités importantes de TBT (jusqu'a 5 mg/g). Les poissons et les crustacées accumulent
des quantités plus faibles que les bactéries et les bivalves en raison de leur possession de
mécanismes enzymatiques de dégradation des organoétains (Okoro et al., 2011). Leur
absorption chez la souris est également faible avec une excrétion principale via les selles. Les
mammiferes et les oiseaux accumulent des niveaux élevés des butylétains dans leurs organes
et tissus (Iwata et al,, 1995). Chez certains mammiferes, des composés du TBT peut étre
métabolisée en DBT (dibutylétain) et d’autres métabolites, le TBT peut étre identifié¢ dans le
tissu adipeux, le foie et les reins (Adeeko et al., 2003).

Eaux usées Rejets industriels
Boues
Lessivage des sols

Ruissellement Peintures antisalissures Irradiation UV

/e

Dégradation photochlmlque {

Dégradation
biologique

Figure 29. La distribution et les sources des organoétains dans le milieu aquatique (d’apres
Hoch, 2001).
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3.3.1.5. Effet TBT sur les organismes.

Les recherches scientifiques réalisées a partir des années 1970 ont montré que le TBT
est trés toxique pour un large nombre des organismes aquatiques (Smith, 1981). Les premiers
effets toxique du TBT sur I’environnement cotier ont été observés dans le Bassin d’Arcachon
au début des années 1980. A partir de 1975, la production ostréicole était trés fortement
perturbée, premic¢rement par une apparition des certaines déformations au niveau de la
calcification des huitres «Crassostrea gigas» (Figure 30). Dans certains cas, ces
malformations donnent des coquilles a structure lamellaire, dans lesquelles se trouvent des
poches renfermant une substance gélatineuse. Ces malformations sont d'autant plus
accentuées que l'on se trouve a proximité immédiate des zones portuaires. Les perturbations
imputées au TBT étaient alors également observées par la décroissance progressive de la
reproduction et du recrutement des juvéniles jusqu'a des seuils proche du zéro (Alzieu et al.,

1982).

Une ¢étude sur I’effet de TBT sur des larves de «Crassostrea gigas» a montré une forte
sensibilité de ces organismes au TBT méme a des concentrations trés faibles (0,7 ng/L). Les
chercheurs de cette étude ont établi une échelle de corrélation entre la concentration en TBT
et les effets sur I’embryogenese et le développement larvaire, depuis le seuil sans effet a 0,7
ng/L ce TBT jusqu’a une inhibition compléete de la reproduction a 35 ug/L. de TBT (His et
Robert, 1983).

Figure 30. Anomalies de calcification de la valve supérieure des huitres (A et B) comparées a
'aspect normal des huitres témoins (C) (D’apres Alzieu ef al., 1982).

Parmi D’altération la plus remarquable observée chez les mollusques, le TBT induit

une modification drastique de la sexualité de ces animaux dénomée 1’imposex. Le TBT induit
. . - e . ,

une perturbation endocrinienne en diminuant 1’activité ovarienne de I’aromatase. Cela se

traduit par une augmentation du niveau de testostérone, croissance du pénis et stérilité comme

chez les femelles de certains espéces de gastéropodes comme Nucella lapillus (Oberddrster et
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McClellan-Green, 2002). Chez cette espéce une étude récente a montré une induction de
I’imposex par un agoniste du RXR, le HX630 (Stange et al., 2012). Les premicres phases de
I'imposex peuvent apparaitre a des concentrations inférieures a 1 ng/L. de TBT. Des
observations de terrain ont montré que cette modification entrainait une chute des populations
(Bryan et al., 1988 ; Coray et al, 2007). Ce phénoméne se rencontre aussi chez d'autres
espeéces de gastéropodes pour un grand nombre de sites cotiers mondiaux, comme en mer du
Nord et en Méditerranée (Morcillo et Porte, 1997). L’exposition au TBT peut également
transformer des femelles en males comme pour le poisson zébre (McAllister et al., 2003). Le
phénomeéne d'imposex est a ce jour le biomarqueur le plus sensible de la présence de TBT
dans les environnements aquatiques (Smith, 1981). Le TBT a également la capacité d’inhiber

I’activit¢ NADH/NADPH cytochrome C réductase des mollusques (Morcillo et Porte, 1997).

3.3.1.6. Risques pour I’homme.

La toxicité des organoétains pour I’espece humaine a été mise en évidence dés 1954
par la mort de plus d’une centaines de patients traités avec un médicament contenant 10%
d’iodure de triéthylétain «triethyltin iodide» (Smith, 1981). L’utilisation généralisée des
organoétains dans les activités agricoles, urbaines et industrielles des derniéres décennies
entraine un risque environnemental pour 1’espéce humaine (Hoch, 2001). L’exposition aux
organoétains est plus précisément au TBT peut étre envisagée selon deux voies 1) par une
exposition directe par I’ingestion d’aliments contaminées. Cette voie est considérée comme
¢tant la principale voie de contamination humaine par les organoétains (Antizar-Ladislao,
2008), 2) par une exposition indirecte par utilisation des produits ménagers contenant des
résidus de composés organostanniques (Figure 31). Il existe trés peu de données sur les
niveaux de contamination et les risques sanitaires associés pour 1’espéce humaine (Okoro et
al., 2011). Une étude réalisée sur des échantillons de poussiere prise dans des sacs
d’aspirateurs de 28 appartements en Allemagne a montré I’existence de 7,2 mg/kg des
organoétains dont 0.08 mg/kg de TBT (Fromme et al, 2005). Des analyses sur le vin au
Canada ont montré que 29 sur 90 échantillons analysés soit 32% contenait des traces
d’organoétains (monobutylétain, dibutylétain ou tributylétain) a des pourcentages différents,

de 0,08 a 1,44 ng/ml pour le dibutylétain par exemple (Forsyth ef al., 1994).
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Figure 31. Les sources d’exposition humaine aux composés organostanniques (Hoch, 2001).

En se basant sur des travaux réalisés chez les rongeurs, une dose journali¢re tolérable
(DJT) d’une valeur de 0,25 ug/kg (poids corporel/jour) a été mise en place (Penninks, 1993;

DGHCP, 2003). En raison des incertitudes d'extrapolation de la toxicité entre 'homme et le
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rat, de la cinétique d’extrapolation homme-rat mais aussi des différences inter-individuelles
pour la toxicité et la cinétique, un facteur de sécurit¢ de 100 a été utilisé pour le calcul final de
la DJT. Cette DJT est fondée sur la réduction du poids comme résultats de I’alimentation de
rats adultes avec 1’oxyde de TBT. Cette valeur DJT a été adoptée par OMS (OMS, 1999). Des
données de la littérature sur des travaux réalisés dans 22 pays pour lesquels il existe des
données sur la quantit¢ des TBT dans des produits alimentaires indiquent que 9 d’entre eux,
dont la France, le Canada, I’Italie, le Japon, la Corée, la Pologne, Taiwan, la Thailande et les
Etats-Unis, dépassent le taux résiduel moyen acceptable ou Tolérable Average Residue Levels
(TARL) (Belfroid et al., 2000). Cet indice est calcul¢ a partir de la DJT (dose journaliére
tolérable), par exemple pour une personne qui pése 60 kg, la formule de calcul sera comme

suit :

(DJT x 60 kg)
TARL =

Moyenne journaliere de consommation

En Norvege, I’apport moyen de la consommation était 33 ng/kg pc (poids
corporel)/jour, et les gros consommateurs d’aliments contaminés avaient une moyenne de 70
ng/kg pc/ jour. Bien que ces valeurs sont inférieures a la DJT adopté par I’OMS (OMS, 1999 ;
DGHCP, 2003), mais un risque potentiel peut exister pour les gros consommateurs et les
personnes pesant moins comme les enfants (Belfroid et al, 2000). La consommation des
fruits de mer contaminés en Taiwan a été reportée sur la population générale et sur les
pécheurs. En général la concentration du TBT dans les huitres va de 0,32 a 1,51 pg/g de poids
sec, les valeurs des huitres consommeées par les pécheurs étaient de 94,1 et 250 g/ jour pour la
population générale et les individus les plus exposés respectivement comme les pécheurs
(Chien et al., 2002). En outre, les concentrations de TBT ont ét¢ mesurées dans les balanes,
les moules et les poissons le long de la cote orientale de la mer Egée. Les concentrations
moyennes de TBT ont été trouvés a 235 ng/g dans les poissons, et 116 et 635 respectivement
dans les moules et les balanes. Les plus fortes concentrations des organoétains ont été
observées dans les balanes qui avaient été échantillonnés dans les marinas et les ports. Toutes
les moules échantillonnées présentaient des valeurs au-dessous du TARL. Ceci indique une
absence de risque pour le consommateur des moules. Cependant, 7 échantillons de poissons
parmi les 15 analysés, affichaient des taux de TBT au-dessus du TARL, ce qui indique un
risque pour les de consommateurs (Kucuksezgin et al, 2011). Les niveaux de TBT ont été
suivis dans les poissons de consommation courante en Iran. Les échantillons ont été achetés
sur les marchés de poissons a intervalles saisonniers en 2010 le long de la cote nord de I'Iran.

Les concentrations du TBT dans le muscle de ces poissons étaient de 'ordre de n.d. (non

76



défini) a 4,31 = 0,95 ng/g (poids humide), ce qui était inférieur au TARL pour ce pays
(Rastkari et al., 2012).

Parmi le peu d’études réalisées sur les effets de TBT sur I’homme, une étude a montré
que le TBT peut avoir un effet inhibiteur sur les récepteurs aux cestrogénes (RE) humain a une
trés faible concentration de la méme maniere que le 4-hydroxytamoxifen (OHT) ou I'ICI
182,780, qui sont des antagonistes spécifique des récepteurs aux estrogenes (Cho et al., 2012).
En outre, il a été démontré que de nombreux types cellulaires subissent une apoptose apres
traitement avec le TBT et la mort cellulaire des cellules immunitaires. Apres 4 heures de
traitement par 1 uM de TBT, des cellules T Jurat montrent des modifications morphologiques

et biochimiques caractéristiques de 1'apoptose (Krug , 2012).

3.3.1.7. Le tributylétain est une molécule obésogéne.

L'incidence et la prévalence de 1'obésité et le surpoids ont considérablement augmenté
au cours des trois derni¢res décennies dans presque tous les pays du monde. Ce phénomene
n'est pas facile a expliquer avec des changements de style de vie dans les populations ayant
des habitudes initiales trés différentes. Cela conduit a s'interroger sur l'influence de facteurs
environnementaux chimiques dans I’augmentation de la prévalence de I’obésité.

Les obésogenes sont des composés chimiques ou pharmaceutiques qui, directement ou
indirectement, peuvent favoriser 1'obésité en augmentant le stockage des lipides dans les
cellules adipeuses existantes et/ou le nombre des adipocytes, en modifiant la quantité de
calories brilées au repos, en modifiant 1’équilibre de la balance énergétique et/ou en
modifiant les mécanismes de régulation de I'appétit et la satiété. Il existe des preuves de I'effet
obésogene de certaines substances chimiques ou pharmaceutiques suite a des expériences
réalisées sur des cultures de cellules ou des animaux de laboratoire. Trés peu de données sont
actuellement disponibles pour I’espéce humaine, mais un faisceau d’arguments indiquent que

les organoétains et le TBT en particulier seraient obésogenes pour I’espéce humaine.

Le TBT, en plus de ses effets toxiques, montre un effet obésogene tres puissant. Cette
molécule peut conduire a des changements épigénétiques qui prédisposent les individus
exposés a un gain de poids et I'obésité ultérieure (Janesick et Blumberg, 2012). Plusieurs
chercheurs ont identifi¢ le TBT comme étant un xénobiotiques obésogene (Kanayama et al.,
2005 ; Griin et Blumberg, 2009a ; Griin et al.,, 2006a ; Janesick et Blumberg, 2012). Cette

molécule induit la différenciation adipocytaire dans les modéles de cultures cellulaires et
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augmente la masse adipeuse in vivo chez le Xénope, la souris (Griin et al, 2006a) mais
également le poisson zebre (voir Chapitre III). Le TBT posséde une grande affinité a des
concentrations de I’ordre du nM avec certains RNs tels que les RXRs, le PPARy (Kanayama
et al., 2005 ; Griin et al., 2006b) et les LXRs (Inadera et Shimomura, 2005 ; Cui et al., 2011)
et plus précisément I’hétérodimere LXRo/RXR mais pas le LXRB/RXR (Cui et al., 2011).
L’exposition de tétards de Xénmope a de faibles concentrations de TBT induit une
augmentation de la quantité¢ de cellules adipeuses (Griin et al, 2006a). Chez la souris,
l'exposition prénatale au TBT au cours de la gestation a entrainé une accumulation prématurée
de lipides dans le tissu adipeux a la naissance, et provoque une augmentation de la taille des
dépots lipidiques a un age de 10 semaines, bien que, les souris exposées avaient une taille
légérement plus petite que les controles (Griin et al., 2006a). Des expériences ultérieures
visant a comprendre les mécanismes qui sous-tendent les effets de 1'exposition prénatale au
TBT ont révélé qu'un seul traitement prénatal avec le TBT ou avec un obésogene
pharmaceutique, la rosiglitazone (Rosi), peut modifier le destin de cellules souches
mésenchymateuses multipotentes (CSM). Ces cellules souches, dans des conditions de
développement normal, peuvent se différencier en un certain nombre de cellules dont des
cellules osseuses (ostéoblaste), des cellules du cartilage (chondrocyte) ou des cellules
adipeuses (adipocytes) (Pittenger et al., 1999). Les CSM issues du TAB de femelles gravides
traitées par une dose unique de TBT ou de Rosi, étaient prédisposées a devenir des
adipocytes. Les CSM provenant d'animaux traités avec des obésogenes étaient environ deux
fois plus susceptibles de se différencier en adipocytes en culture par rapport aux cellules
controles, et cette fréquence a ét¢ augmentée par la suite avec un traitement in vitro avec le
TBT ou la Rosi (Kirchner ef al., 2010). La capacité de ces cellules a se différencier en cellules
osseuses €tait par voie de conséquence inhibée (Kirchner et al,, 2010). Dans ces études in
vitro 1l a été montré que la capacité du TBT ou la Rosi a induire 1'adipogenéese a partir des
CSM (Kirchner et al., 2010) ou des préadipocytes 3T3-L1 (Li ef al., 2011) était entiérement
dépendante de l'activation du PPARy et RXR (Kanayama et al, 2005). Le TBT montre un
effet obésogene également via les RE chez la souris, mais cela semble dépendre de la
concentration en TBT (Penza et al, 2011). Le TBT induit une forte accumulation des lipides
dans les cellules en cultures, mais un antagoniste des PPARY n’arrive pas a inhiber 1’effet de
TBT ce qui a permis de conclure que le TBT ne passe pas via les PPARy (Inadera et
Shimomura, 2005). Cette hypothése est en contradiction avec les travaux plus récents sur le
role du TBT comme facteur inducteur de 1’adipogenése (Kirchner ef al., 2010). Il est a noter,
que la quasi-totalité de ces travaux sont réalisés a 1’aide de cultures cellulaires et ne refléte

donc pas la situation rétrouvée in vivo par les cellules adipocytaires. Le but du travail présenté
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dans le Chapitre III a été de clarifier le mode d’action in vivo du TBT sur le TAB en utilisant

le mod¢le poisson zebre.

4. Modele biologique
4.1. L’utilisation de poisson zébre comme modéle d’étude.

Le poisson zebre (Danio rerio) est un poisson Téléostéen de la famille des cyprinidés
appartenant a I’ordre des Ostéichtyens comprenant prés de 6 500 especes. C’est un poisson
tropical d’eau douce originaire du delta du Gange (régions nord-est de 1’Inde). Les habitats
naturels de ce poisson sont les riziéres, les eaux stagnantes et les petits cours d'eau au débit
lent. 11 fait partie des animaux poikilothermes et il posseéde un optimum thermique a environ
28°C. C’est un poisson omnivore mesurant en moyenne de 4 a 5 cm a 1’état adulte. Il présente
un dimorphisme sexuel a 1’age adulte visible dés 3 mois (Figure 32). Il est facile a élever et
trés peu cotteux. C’est un animal ovipare dont les femelles peuvent pondre jusqu’a une
centaine d’ovules par cycle ovarien d’une durée d’environ 10 jours. Les poissons males
peuvent étre différenciés des poissons femelles car ces dernic¢res présentent un oviducte au
niveau de la papille ano-uro-génitale juste en avant la nageoire anale, en plus de leur forme et
leur couleur caractéristique. L’observation de la morphogenése chez le Danio rerio est
facilitée de par un développement a I’extérieur du corps des femelles. Ceci permet des
micromanipulations et les observations in vivo aisées de part la transparence des

embryons/larves jusqu’a un stade relativement tardif du développement.

L — Figure 32. Photos représentatives d’un
—:—!-:‘m,,'; GBI individu femelle ou male de poisson zébre

:\_ (Danio rerio).

oS0 male

Les poissons téléostéens passent par trois grandes phases nutritionnelles au cours de leur
développement. Ces phases se distinguent par 1’origine des nutriments utilisés (Figure 33).

Entre la fécondation et 4 jpf, c’est la phase de nutrition endogéne. L’embryon puis la larve se
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développe grace aux réserves contenues au sein du sac vitellin. Aprés 1’ouverture de la bouche
entre 4 et 5 jpf, la larve est capable d’ingérer des aliments exogenes et une phase de nutrition
mixte (ou endo-exogeéne) se met en place au cours de laquelle la larve épuise ses réserves
vitellines et simultanément consomme un aliment exogeéne adapté. Cette période se termine
avec la résorption compléte des réserves vitellines vers 7-8 jpf. Par la suite, la période de

nutrition exogene stricte se met en place.

Le poisson zebre est un modele reconnu et trés utilisé en génétique moléculaire du
développement des vertébrés, en génétique médicale et en toxicologie et pharmacologie (voir
par exemple : Jagadeeswaran, 2005 ; Sullivan et Kim, 2008 ; Raldua et Babin, 2009; Fraysse
et al., 2006 ; Berghmans et al., 2008 ; Jones et al., 2008 ; Holttd-Vuori et al., 2010). La
popularité de poisson ze¢bre vient de ces nombreux avantages par rapport aux autres modeles
tels que la souris ou le rat: sa petite taille, une descendance nombreuse, un temps de
génération trés court, nous pouvons aussi avoir un grand nombre de poisson dans un espace
réduit. De plus il est moins couteux. Tous cela facilite sont utilisation en particulier quand il
s’agit d’un criblage a grande échelle et a visée thérapeutique. D’autres avantages liés a
I’utilisation du modele sont un génome entiérement séquencé, un grand nombre de lignées
transgéniques accessibles, une communauté de chercheurs trés nombreuse et une
connaissance remarquable du modéle (exemple : 17 867 entrées dans PubMed au 2 novembre

2012).

Embryon Larve Juvénile
Fécondation Ouverture dela bouche
Eclosion
V v v
Jours 0 2-3jaf Sjaf 7-8jaf 21jaf 2-3maf
I
Vitellus |< >
Phase endogéne Phaseendo-exogéne Phaseexogéne

Figure 33. Les phases nutritionnelles au cours du développement du poisson zebre.

En pharmacologie, des expériences ont montré que les médicaments cardio-

vasculaires, anti-angiogénique et anti-cancéreux sur des embryons de poisson zebre ont des
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réponses comparables a celles les mammiféres (Langheinrich, 2003). Toutes les données
indiquent que le poisson-zeébre représente un organisme treés utile pour différents types
d'é¢tudes pharmacologiques (Figure 34): tels que des criblages des banques de molécules,
guider la validation et l'optimisation, les études des modes d’action des molécules, des
analyses de fonctionnement de certains geénes, la toxicologie prédictive et la tératogénicité, la
pharmacogénomique et la toxicogénomique (Langheinrich, 2003). Ses qualités donnent a ce
modele plusieurs avantages décisifs en pharmacologie par rapport a des études in vitro sur

cultures cellulaires et in vivo sur des rongeurs.

Le poisson zebre est recommandé dans les tests réglementaires d’écotoxicité
aquatique. De plus, c’est un modele reconnue dans le contexte de la perturbation
endocrinienne (Segner, 2009). En effet, il est utilis¢ a la fois pour le criblage des substances a
activit¢ endocrine mais également pour I’identification de leurs effets et 1’¢tude de leurs
mécanismes d’action a différents niveaux d’organisation biologique (Segner, 2009). Parmi ces
¢études, les travaux de D. Raldua et ses collaborateurs sur la perturbation du fonctionnement
de la glande thyroidienne chez 1I’embryon et la larve du poisson zébre par des molécules
chimiques synthétiques ou naturelles sont a noter (Raldua et Babin, 2009 ; Thienpont et al.,

2011 ; Raldta et al., 2012).

81



Os Lipides Motoneurones

Coeeur/muscles

L I

Apoptose Systéme vasculaire Sang

Figure 34. Schéma montrant quelques essais pharmacologiques possibles en utilisant le
poisson ze¢bre comme mod¢le (d’aprés Langheinrich, 2003).

4.2. Métabolisme des lipides et ontogénie de la lignée adipocytaire
chez le poisson zébre.

Le poisson zébre est un modele trés pertinent pour étudier le métabolisme des lipides des
vertébrés au cours du développement et chez 1’adulte du fait des facilités expérimentales
attachées a ce modele et a un métabolisme lipidique similaire a celui des mammiféres (voir
par exemple : Babin and Vernier, 1989 ; Babin et al., 1997 ; André et al., 2000 ; Farber et al.,
2001 ; Marza et al., 2005 ; Morais et al., 2007 ; Raldua et Babin, 2007; Babin and Gibbons,
2009 ; Flynn III et al., 2009 ; Oka et al., 2010 ; Holttd-Vuori et al., 2010 ; Tingaud-Sequeira
et al. 2011 ; Tingaud-Sequeira et al. 2012). Une obésité induite par la nourriture peut étre
obtenu avec ce modele (Oka er al, 2010). La plupart des geénes clés du métabolisme
lipidiques ont ¢été caractérisés, en incluant les RNs, et la réponse aux inhibiteurs du

métabolisme des lipides est généralement similaire a celle obtenue chez les mammiferes.
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L'épidémie mondiale d'obésité exige une meilleure compréhension des facteurs
développementaux et environnementaux qui agissent sur le stockage des lipides dans les
adipocytes. La tranparence du poisson zébre jusqu’a un stade relativement avancé de son
développement permet d’étudier les mécanismes et les facteurs qui interviennent dans
1’établissement de la lignée adipocytaire et dans sa modulation.

Des travaux récents ont permis de visualiser in vivo les adipocytes au sein du poisson
zebre a la coloration vitale au rouge de Nile (Flynn III ef al., 2009 ; Tingaud-Sequeira et al.
2011). Les TAG présents dans la goutellette lipidique de 1’adipocyte sont colorés en
fluorescence et visualisables et quantifiables avec un microscope a fluorescence. Ces travaux
ont démontré que les premiers adipocytes sont viscéraux et apparaissent durant la période
larvaire autour de la vessie natatoire, et augmentent en nombre et en distribution avec la
croissance des larves (Flynn III et al., 2009). La différenciation des adipocytes est en fonction
de la croissance de I’animal et n’est pas corrélé a son age (Imrie et Sadler, 2010). La structure
du TAB de poisson zebre est similaire a celle retrouvée chez les mammiferes (Figure 4)
(Flynn III et al., 2009 ; Tingaud-Sequeira et al. 2012). L’expression de PPARy est un
indicateur de la mise en place des adipocytes au cours de son développement (Flynn III ez al.,
2009). De nombreux travaux menés chez les mammiféres ont montré que ce géne a un role clé
dans le développement du TAB et qu’il pourrait donc étre une cible privilégiée de traitements

a visée thérapeutique (Farmer, 2005 ; Tontonoz et Spiegelman, 2008).

5. Contexte scientifique et objectifs de la thése

Le régime alimentaire et certains xénobiotiques peuvent modifier la signalisation
endocrine et ’homéostasie des lipides, ce qui peut dans certaines situations provoquer un
dépot excessif de réserves lipidiques dans le TAB. La compréhension fine des métabolismes
lipidiques et hormonaux sous-jacent a ’homéostasie lipidique a fait des progrés considérables
au cours des dernic¢res décennies. Ceci a été réalisé en particulier par une caractérisation des
acteurs moléculaires impliqués et par 1’utilisation de modeles cellulaires et animaux comme
les rongeurs. Toutefois, I'utilisation de ces modeles se heurte & deux éceuils principaux. Les
modeles cellulaires ne peuvent pas rendre compte des intéractions cellulaires et métaboliques
complexes qui existent in vivo et le maintient et la différenciation des cultures cellulaires
necessitent 1’utilisation de coktails de facteurs hormonaux et de croissance qui peuvent ne pas
correspondre a la situation réellement observée par les cellules in vivo. Par ailleurs, le

développement in utéro des rongeurs ne facilite pas les investigations sur les modalités de la
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mise en place de la lignée adipocytaire au cours du développement et de sa modulation par
des facteurs endogenes et exogenes. Pour ce deux raisons principales, il y a necessité d’avoir
acces a un modele animal qui permettrait d’étudier aisément, dans un contexte in vivo, la mise
en place de la lignée adipocytaire et sa modulation qualitative et quantitative.

Dans ce contexte, mon travail de thése a consisté dans un premier temps a effectuer des
travaux sur la caractérisation de la mise en place de la lignée adipocytaire au cours du
développement du poisson zebre (résultats non montrés dans le cadre de ce manuscrit de
thése). Ce domaine de recherche fait I’objet d’'une compétition entre plusieurs équipes de
recherche. Suite a la publication des travaux de 1’équipe de J. Rawls (Flynn III et al., 2009) et
de celle de KC Sadler (Imrie et Sadler, 2010), nous avons décidé de passer a la seconde étape
du programme de travail qui consiste a étudier les effets de certains facteurs exogenes sur la

modulation in vivo de la lignée adipocytaire.

Les objectifs principaux du travail ont donc été :

- De développer une méthode simple et rapide, par utilisation du modéle poisson zébre, pour
¢tudier in vivo les effets de I’alimentation, de molécules pharmacologiques ou de certains
polluants de I’environnement sur la dynamique de TAB. Nous avons ainsi mis au point le
« zebrafish obesogenic (ZO) test" en définissant d’une facon la plus rigoureuse possible un
protocole expérimental qui permet de tenir compte des paramétres critiques a envisager
pour un tel test. Ce travail est présenté au Chapitre II et a fait I’objet d’une publication dans

le Journal of Lipid Research en 2011 (Tingaud-Sequeira, Ouadah, Babin, 2011).

- D’¢tudier les effets de certaines molécules déja identifiées ou non comme potentiellement
obésogenes ou anti-obésogenes chez les mammiféres sur I’adiposité du poisson zcbre.
Nous avons utilisé le ZO test afin de réaliser un criblage de ces molécules. Les résultats

obtenus pour certaines de ces molécules sont présentés dans les Chapitres I a IV.

- D’analyser les intéractions entre I’effet des molécules et D’effet des conditions
nutritionnelles. Les résultats obtenus pour certaines des molécules étudiées sont présentés

dans les Chapitres II a I'V.

- D’¢tudier et de caractériser le mécanisme d’action in vivo d’un obésogene, le TBT, afin de
clarifier la voie de signalisation utilisée dans 1’adipocyte. Les résultats obtenus sont
présentés dans le Chapitre III et font 1’objet d’un manuscrit prochainement soumis pour

publication (Ouadah-Boussouf and Babin, 2012).
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L’ensemble des travaux réalisés et des résultats obtenus permettent de proposer le
poisson zébre comme un modele in vivo trés pertinent pour étudier les effets de la
composition de 1’aliment, des molécules pharmacologiques et chimiques, y compris les PEs,

sur la dynamique du TAB des vertébrés.
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A TOOL FOR SCREENING
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Zebrafish obesogenic test: a tool for screening
molecules that target adiposity

Angele Tingaud-Sequeira, Nafia Ouadah, and Patrick J. Babin'
Maladies Rares: Génétique et Métabolisme (MRGM), University Bordeaux, F-33400 Talence, France

Abstract Dietary and xenobiotic compounds may alter
endocrine signaling and lipid homeostasis, thus inducing
obesity. We describe a short-term assay method, the zebrafish
obesogenic (ZO) test, for examining the effects of diet,
drugs, and environmental contaminants, singly or in combi-
nation, on white adipose tissue (WAT) dynamics in live lar-
vae. The ZO test is an intermediate step in obesity research,
between in vitro and rodent assays, and may be also used to
study the effect of environmental toxicants on the adiposity
of aquatic species. The procedure, using Nile Red (NR)
fluorescent probe to reveal adipocyte lipid droplets, is suit-
able for pharmaceutical or toxicological screening. Larvae
treated at an environmentally-relevant concentration of
tributyltin chloride (TBT), an environmental obesogen, ex-
hibited a remarkable increase in adiposity, irrespective of
the lipid composition of the background diet. Exogenous
compounds, e.g., rosiglitazone or TBT, known to increase
adiposity in the fasting state, were classified as obesogenic.
Anti-obesogenic compounds favored a decrease in adiposity
in the fasting state.li The ZO test, using adipocyte lipid
droplet size and adiposity as its endpoints, is a whole-organ-
ism alternative testing assay for obesogenic and anti-obesogenic
compounds and mixtures and provides relevant informa-
tion for environmental and human risk assessments.—
Tingaud-Sequeira, A., N. Ouadah, and P. ]J. Babin. Zebrafish
obesogenic test: a tool for screening molecules that target
adiposity. J. Lipid Res. 2011. 52: 1765-1772.

Supplementary key words obesity ® adipose tissue ® tributyltin ® endo-
crine disrupting chemicals ® Nile Red ¢ adipocyte ® lipid droplet ® or-
ganotins ® human risk assessment

Obesity is the result of interplay between genetic and
environmental factors and is characterized by excess fat
storage in white adipocytes. Due to the increasing preva-
lence of obesity all over the world, research into this issue
has become one of the main public health priorities. Food
quality and quantity is probably the main cause of obesity;
however, increasing evidence for environmental factors
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has recently been revealed, such as exposure to endocrine
disrupting chemicals (EDC) during early life (1, 2). Obe-
sogens are a special class of EDCs that target adipose tissue
formation and the lipid metabolism (2).

Overweight and obesity are characterized by overrepre-
sentation of white adipose tissue (WAT). Several studies
have investigated xenobiotic molecules able to modulate
adipogenesis and the adipocyte lipid metabolism. Some
obesity-causing chemicals are hypothesized to act as per-
oxisome proliferator-activated receptor-y (PPARYy) ago-
nists or estrogen receptor-o antagonists (2). In addition to
rodent assays, most of these studies used cell models and
focused mainly on adipocyte differentiation (3). The
Caenorhabditis elegans nematode was recently used as a
whole organism to screen for molecules able to regulate
fat storage (4). However, one limitation of this nonverte-
brate model is that the major fat storage compartment is
the intestine. Evidence supporting the action mechanism
of obesity-causing chemicals is under active investigation,
but there is not, as yet, any convenient in vivo method for
screening the obesogenic and anti-obesogenic molecules
that target vertebrate WAT.

Zebrafish, a model organism of vertebrate development
and organogenesis, is receiving increasing attention as a
model for human diseases, drug discovery, and toxicology
studies. Thus, zebrafish are increasingly used in drug-
screening assays as an intermediate step after cell-based
evaluation to prioritize drug candidates for conventional
animal testing, thus reducing the number and cost of
mammalian studies (5). Semitransparent zebrafish larvae
offer a unique opportunity to study the effects of mole-
cules on adipocyte biology and whole-organism adiposity
in live vertebrates, as data on WAT development are now
available for this species (6, 7). WAT is not found in em-
bryos and early larvae (6, 7), although these stages are sen-
sitive to fat metabolism effectors (8). An obesity syndrome

Abbreviations: API, average pixel intensity; EDC, endocrine
disrupting chemical; HFD, high-fat diet; NR, Nile Red; PPARy, peroxi-
some proliferator-activated receptor-y; SD, standard diet; SL, stan-
dard length; TBT, tributyltin chloride; WAT, white adipose tissue; ZO,
zebrafish obesogenic.
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may be induced at adult stages by genetic and dietary fac-
tors (9, 10).

We describe a simple, rapid zebrafish larva bioassay, the
zebrafish obesogenic (ZO) test, for in vivo assessment of
the potential impact of diet composition, chemical pollut-
ants, and drugs on white adipocyte lipid droplet size and
adiposity.

METHODS

Animals

All zebrafish experiments were conducted in conformity with
the Public Health Service Policy on Humane Care and Use of
Laboratory Animals using protocols approved by the Institutional
Animal Care and Use Committee of the Université Bordeaux 1
(UFR Biologie). Wild-type adult zebrafish (Danio rerio) were ini-
tially purchased from a commercial source (Exomarc, Lormont,
France). In some cases, the transparent casperline was used (11).
Embryos and larvae were obtained by natural mating and raised
in embryo water (90 pg/ml Instant Ocean [Aquarium Systems,
Sarrebourg, France], 0.58 mM CaSO,, 2H,0, dissolved in reverse-
osmosis purified water) at 28.5°C with an 11L:13D photoperiod.
Animal stages were recorded according to standard length (SL),
i.e., the distance from the rostral tip of the larva to the base of the
caudal fin. From five days postfertilization until they were used in
the ZO test, larvae were maintained in static 5 I tanks at a density
of around 30 larvae per liter and fed ad libitum with a commer-
cial formulated food adapted for zebrafish larvae (ZF Biolabs,
Tres Cantos, Spain).

Chemicals and larva treatment

Rosiglitazone (71740) and T0070907 (10026) were purchased
from SPI-BIO (Montigny le Bretonneux, France). Phenylephrine
(P6126) and tributyltin chloride (TBT) (T50202) were from
Sigma-Aldrich (St. Louis, MO). 1000x stock solutions of 1 mM
rosiglitazone, 10 mM T0070907, and 0.05 mM TBT were pre-
pared in DMSO on the day of the experiment. A 20 mM stock
solution of phenylephrine was prepared in purified water. The
three-day animal treatment protocol included adiposity record-
ings before and after chemical treatment (Fig. 1). Larvae with an
SL between 7.5 and 9 mm were selected for enrollment in the
70 test and incubated individually in glass containers containing
25 ml water. There was no significant variation in SL during the
three-day experimental period. The first day of the protocol was
devoted to ad libitum feeding with a standard diet (SD) for late
larvae (TetraMin Baby, Tetra GmbH, Melle, Germany) or hard-
boiled chicken egg yolk as a high-fat diet (HFD), with food re-
maining inside the container at the end of the period. It was not

possible to detect differences in feeding rates between SD and
HFD fish, and large amounts of food were detectable in the lu-
men of the intestine under the microscope, irrespective of the
nutrient used. Total fat content by weight of SD and HFD was
10% and 55%, respectively. The starvation period started on the
second day and initial adiposity was measured at the end of the
second day using Nile Red (NR) staining and fluorescence mi-
croscopy or triacylglycerol content (see below). Each group of
animals consisted of 10 larvae of similar size and initial adiposity.
They were incubated individually in glass containers containing
25 ml medium and remained in the fasting state under static con-
ditions during exposure to selected compounds or vehicle alone
(0.1% DMSO) for one additional day. No mortality was observed
at the concentrations used in either control or 24 h exposed ani-
mals. Final adiposity in exposed and control animals was re-
corded after 24 h using NR staining and fluorescence microscopy.
Apart from changes in adiposity levels, there was no apparent
qualitative behavioral or morphological phenotype associated
with these dietary and pharmacological treatments.

Nile Red staining

A 500 pg/ml stock NR (N3013) (Sigma-Aldrich) solution was
prepared in acetone. Just before use, the working solution was
obtained by 1/100 dilution of the stock solution in fish water.
Live fish were then exposed to NR working solution in the dark
for 30 min at 28°C. Under these conditions, adipocyte NR stain-
ing was saturated, as the intensity of the fluorescent signal did
not increase after longer exposure. The fish were then rinsed
twice with fish water for 5 min, anesthetized in 2-phenoxyethanol
(P1126) (Sigma-Aldrich) diluted 1,/2000 in fish water for 5 min,
and observed under a fluorescence microscope. NR staining was
performed twice, once before the one-day exposure period, to
measure initial adiposity, and again afterwards, to measure final
adiposity. The initial staining dissipated to background levels be-
fore the second staining (data not shown).

Quantitative analysis of whole-mount fluorescence signals

Image acquisition quality is a critical point for further analyses,
and the presence of food inside the intestinal lumen may inter-
fere by quenching signals from NR-labeled perivisceral WAT. As
24 h starvation is sufficient to empty the zebrafish larva digestive
tract, all fish processed for image analyses were starved for that
period prior to NR staining. Differential interference contrast
and fluorescence images were obtained on anesthetized larvae
using a Nikon Eclipse E1000 (Nikon, Champigny sur Marne,
France) microscope fitted with Nomarski optics and a Nikon
Intensilight C-HGFI unit. Larvae were imaged in water and re-
turned to the medium within approximately 1.5 min. A TRITC
filter (EX 540/25, BA 605/55) was used for differential interfer-
ence contrast and fluorescence image superposition (Fig. 2A)

0 2 3 days
Exposure
. -
Standard diet FYS——— Starvation |
t Adiposity t

Initial Measurement  Fipga

Fig. 1. Diagram of the ZO test protocol used to prepare larva exposure and measure adiposity. Zebrafish
larvae were nourished with SD during their growth and then divided into two groups. The first one received
SD for one day and the second HFD for one day. This was followed by a one-day starvation for both groups.
Larvae were then exposed to the selected compounds or to vehicle alone for one additional day in a fasting
state. Whole-body adiposity was measured, using Nile Red staining and fluorescence signal quantification,
before and after exposure to the compounds. Evaluations were carried out on control animals at the same

times.
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Fig. 2. In vivo quantitative assessment of WAT in zebrafish larvae. A: Lateral view under a fluorescence
microscope after NR staining, using a TRITC filter. Anterior part to the right and dorsal part to the top. SL
of the larva was 8.2 mm. B: Lateral view of the same animal under an HQ-FITC-BP filter with adipocytes
stained green. C: Relationship between WAT fluorescence area after NR staining and larva SL. D: Relation-
ship between triacylglycerol content per larva and larva SL. A total of 88 larvae were selected, with a broad
distribution of SL, from 5 to 13 mm. Larvae, on a SD background, were starved for one day before sampling.
Scale bar, 1 mm. ai, anterior intestine; e, eye; pf, pectoral fin.

and an HQ-FITC-BP filter (Ex 460-500, BA 510-560) for fluores-
cence quantification (Fig. 2B). Images were acquired with a
Nikon DXM1200 camera and LUCIA G software (version 4.81)
and saved in high-resolution (3,840 x 3,005 pixels) tagged image
file format (TIFF). All image series for quantification were ob-
tained at the same settings. Quantitative analysis of NR fluores-
cence signals was performed using free-processing Image]
software (National Institutes of Health, http://rsb.info.nih.gov/
ij/), according to the protocol previously described (12). Three
images (head, trunk, and tail) were recorded per larva at the
magnification used. The images were combined to produce an
overall view of the larva for fluorescence quantitation (Fig. 2B).
Background fluorescence was estimated by analyzing average
pixel intensity (API) values in image areas that did not contain
any WAT, i.e., the background threshold, and this background
was calculated individually for each image. To calculate the back-
ground levels, the images were first converted to 8-bit grayscales,
inverted, and thresholded. WAT and individual adipocytes were
then selected using the “wand tool” function of the computer
program. Selected areas were transferred to the original three-
channel image (red, green, and blue), the inverse selection was
created, and the API for the background was calculated. This
background threshold was then removed by subtracting the back-
ground API from each pixel in the image. Selected WAT areas,

including individual adipocytes, were transferred to the sub-
tracted image, and finally, the API of the selected areas was calcu-
lated (see ref. 12 for more details). Signal area and intensity were
measured and expressed in arbitrary units. FocalCheck™ fluo-
rescence microscope test slide 1 (Invitrogen) was used to evalu-
ate microscope excitation-source stability by plotting the area
and signal intensity of the beads over time. Periodic imaging of
microbeads using the same acquisition parameters did not reveal
any differences (P> 0.05) over at least a two-day period, demon-
strating the stability of the excitation source (ref. 12, data not
shown). The analytical precision of the quantification method
was determined from blind duplicate pairs of NR fluorescence
signal areas and was defined as the mean absolute difference be-
tween duplicates divided by the mean of the duplicates times 100.
The precision value was 0.49%.

Triacylglycerol assay

The area and intensity of NR fluorescence signals were re-
corded for each larva and were then processed to assay the whole-
body triacylglycerol content using a previously described protocol
(13) with modifications. Animals were starved for 24 h before NR
staining and euthanasia to avoid any contamination from food
triacylglycerols in the digestive tract. Glass tubes were used
throughout triacylglycerol extraction. Briefly, whole animals

Zebrafish obesogenic test 1767
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Fig. 3. Relationship between WAT fluorescence intensity and area
after NR staining and triacylglycerol content per larva. A total of 88
larvae were selected, with a broad distribution of SL, from 5 to 13 mm.
Larvae, on a SD background, were starved for one day before sam-
pling. Adipose tissue intensity and area values were expressed in
arbitrary units (a.u.). A: Relationship between adipose tissue fluo-
rescence intensity and area after NR staining of live zebrafish larvae.
B: Triacylglycerol content per larva was plotted against WAT fluores-
cence intensity. C: Triacylglycerol content per larva was plotted
against WAT area values. The slopes of the calculated linear regres-
sions were significantly different from zero at P < 0.0001, and the
variables were significantly correlated, with nonparametric Spear-
man correlation (P, two-tailed) as shown on the graph.
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were homogenized mechanically in 400 pl homogenizing buffer
(PBS, pH 7.4, containing 10 mM EDTA). Homogenates were
transferred to tubes containing 2 ml isopropanol:hexane (4:1)
solution. After shaking, samples were left in the dark for 30 min.
Hexane:dietheylether (500 pl,1:1) solution was then added. Sam-
ples were mixed and left in the dark for 10 min. One milliliter
water was then added, samples were mixed and left standing until
the two phases separated (20 to 30 min). Eight hundred microli-
ters of the supernatant were transferred to new tubes and pro-
cessed until complete evaporation. Two hundred and fifty
microliters of colorimetric reagent were added per tube, and the
triacylglycerol content was evaluated by microassay, using a com-
mercially available kit (Biolabo S.A., Maizy, France). In parallel, a
standard curve was plotted using 0, 10, 20, 30, 40, and 50 pg trio-
lein in 400 pl homogenizing buffer. Added triolein was extracted,
processed, and treated identically to the other samples. The re-
action was allowed to develop at 37°C for 1.5 h, with shaking at
220 rpm. Only samples within the standard curve were taken into
account for data analysis.

Statistics

All statistical analyses were conducted using SPSS 17.0 micro-
computer software (SPSS, Chicago, IL). At least three indepen-
dent experiments were performed per condition with 10 larvae
per group. To offset the variability among independent experi-
ments in terms of the decrease in adiposity in control groups af-
ter a one-day starvation period and to have a view of negative or
positive quantitative variations from initial adiposities, values pre-
sented in graphs are mean + SEM of representative experiments.
This procedure did not preclude highly reproducible absolute
differences in adiposity between control and chemically treated
groups in independent similar experiments. Normality of the dis-
tribution was assessed using the Shapiro-Wilk test (0.01% risk).
Levene’s test was used to verify the equality of variances. In ex-
periments comparing a control and a chemically treated group
with animals that received the same background diet, the statisti-
cal significance of difference in mean values was determined by
Student’s ttest. In experiments combining PPARy agonist and
antagonist and their controls, the statistical significance was de-
termined by single-factor ANOVA followed by the post hoc Dun-
nett’s test. A Pvalue of 0.05 or less was considered significant. In
the experiment combining rosiglitazone or TBT treatment with
HFD, we used the univariate general linear model to check the
individual effect of each factor and to determine whether there
was any interaction between factors.

RESULTS AND DISCUSSION

The first step was to perform in vivo staining of zebrafish
adipocytes with vital NR using a rigorous feeding proto-
col (Fig. 1). As previously described, NR was found to be
a selective fluorescent vital dye for adipocyte intracellu-
lar lipid droplets (6, 14). Relationships between WAT fluo-
rescence area and SL and between triacylglycerol content
and SL were established (Fig. 2C, D). The adipose tissue
signal area was strongly correlated with intensity in larvae
with an SL of 5 to 13 mm (Fig. 3A). There was also a very
good correlation between whole-mount NR fluorescence
adipose tissue signal intensity and area and whole-larva
triacylglycerol content (Fig. 3B, C). During postembryonic
zebrafish development, WAT appearance is correlated
with size rather than age (7). We found that larvae suitable
to the ZO test had to have an SL between 7.5 and 9 mm to
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obtain an adipose tissue fluorescence area ranging from
10 to 60 arbitrary units after NR staining. These values
were within the linear range between adipose tissue fluo-
rescent area and triacylglycerol content of individual lar-
vae (Fig. 3C). In this SL range, the main anatomic locations
of WAT were established (Fig. 2B). The main perivisceral
WAT mass spreads from the anterior dorsal limits of the
general/visceral cavity to the rectum, above and around
the two swim bladder chambers, closely associated with
the first loop of the anterior intestine, as well as the poste-
rior intestine, close to the rectum. Other main locations
are at the base of the pectoral fins, surrounding the eyes
(individual adipocytes or clusters), and in the dermis of
the tail.

We then investigated the effect of starvation and initial
diet lipid content on the adiposity of live animals. Under
the experimental conditions used, individual adipocytes
were easily identified under the microscope, and their size
was rapidly sensitive to the conditions applied. Zebrafish
larvae were fed SD or HFD for one day, starved for one
day, and then exposed or not to the chemicals for one ad-
ditional day in starved condition (Fig. 1). HFD induced an
increase in NR lipid staining in the blood vessels of the
larvae after feeding (Fig. 4D), which gradually returned to
basal levels during fasting (Fig. 4B, F, H). These variations
in NR staining in the circulatory system were not observed
in SD larvae (Fig. 4A, C, E, G). A one-day starvation in the
presence of 0.1% DMSO as a vehicle control induced a
decrease in whole-body adiposity, as evaluated by NR fluo-
rescent staining (—19.77 = 1.87% in SD versus —11.83 +
0.93% in HFD background, P< 0.005, n = 10 independent
experiments analyzed).

Given these findings, the ZO test was used to study WAT
dynamics after exposure to pharmaceuticals and environ-
mental pollutants in interaction with the initial diet lipid
content. Food intake ability and/or nutrient absorption at
the intestinal level may be altered during exposure to exog-
enous molecules. In addition, the presence of food inside
the intestinal lumen may interfere by quenching signals
from NR-labeled perivisceral WAT. We found that starting
starvation one day before exposure to compounds and ex-
tending it throughout the exposure period avoided any
interference by these confounding factors, thus focusing
on the exogenous compound’s effect on adiposity regula-
tion. However, it was still possible to study the interaction
between the initial diet composition and the chemicals
used, as nutritional history has proved to be a significant
factor in the effects of these molecules (see below). The
following compounds were selected: 7) T0070907 used as a
PPARvy antagonist (15, 16), ) phenylephrine used as an
al-adrenergic receptor agonist capable of eliciting an in-
crease in lipolytic activity of human WAT (17), i) rosiglita-
zone as a member of the thiazolidinedione family used for
type II diabetes treatment and a well-known potent PPARy
agonist (16), and ) TBT, a biocide found in antifouling
paints capable of binding to PPARy but also to its heterodi-
meric partner retinoid X receptor (18, 19). The whole-
body adiposity dynamics of each larva were expressed as
percentage decrease or increase in NR fluorescence signal

Fig. 4. The effect of lipid content of the diet on Nile Red fluores-
cent signal in the circulatory system of live larvae. Lateral view un-
der a fluorescence microscope after NR staining. Anterior part to
the right and dorsal part to the top. Images of the head region of
representative larvae enrolled in ZO test represent animals initially
nourished for one day on SD (A, C, E, G) or HFD (B, D, F, H) diet.
A, B: Before feeding. C, D: At the end of the one-day feeding pe-
riod (day 1). E, F: At the end of the one-day fast (day 2). G, H: After
two days of fasting (day 3). See Fig. 1 for details of ZO test diagram.
Initial SL of the larva was 8.9 mm in (A) and 8.8 mm in (B). Adipo-
cytes are stained green, and the positions of selected blood vessels
that may be labeled on HFD are indicated by white arrows. Scale
bar, 200 pm. e, eye.

areas after the one-day exposure period. The results of rep-
resentative experiments are depicted in Fig. 5. Exposure to
T0070907 (Fig. 5A) and phenylephrine (Fig. 5B) caused a
decrease in adiposity compared with controls on an SD nu-
trient background. These exogenous compounds favored
a decrease in adiposity in the fasting state and were classi-
fied as anti-obesogenic. In SD fish, rosiglitazone demon-
strated the ability to prevent adiposity loss in the unfed
condition (Fig. 5C). Adiposity even increased after this
treatment on an HFD background (Fig. 5C). Compared
with controls, Rosiglitazone-treated larvae had 16.09% =
2.17 more adiposity than controls on an HFD background
(n =5 independent experiments). In addition, the ZO test
made it possible to monitor individual adipocytes in vivo
at higher magnification (Fig. 6). As in other vertebrates,
zebrafish-differentiated adipocytes were unilocular (6, 7).

Zebrafish obesogenic test 1769

T1T0Z ‘8T 1snbny uo “1sanb Aq 610" Jj:mmm wolj papeojumoq


http://www.jlr.org/

ASBMVB

JOURNAL OF LIPID RESEARCH

I

A B

Ocontrol O T0070907 10 pM Ocontrol OPhenylephrine 20 uM

-

0

.
Y
o
-
o

y
N
o
N
o

&
S

A
ed
A
brod

(4.
o
'
o
o

Percentage of initial adiposity
g &
o

Percentage of initial adiposity

1
[=2]
o
u
(=2}
o

Standard diet  High fat diet Standard diet  High fat diet

O control [ Rosiglitazone 1 yM Ocontrol Tributyltin 0.05 pM

*kkk
>+10 >+10
g g Kk
2 2
o k=]
© ©
g ¢ 5 °
= =
s s
o 10 o 10
g g €
c [
8 8
e o
2 20 2 20

Standard diet  High fat diet Standard diet  High fat diet

Fig. 5. ZO test as a tool for screening molecules and nutritional
factors that target adiposity in living zebrafish. A, B: Molecules with
a lipogenic (anti-obesogenic) effect. C, D: Molecules with an adipo-
genic (obesogenic) effect. Quantitative analysis was performed by
recording the image area of NR fluorescence signals. WAT dynam-
ics is expressed as a percentage of initial adiposity value. Represen-
tative experiments are presented. Quantification was assayed in the
presence of 0.1% DMSO as a vehicle control or 0.1% DMSO plus
the molecule to be tested at the indicated concentration on an SD
or HFD background. T0070907 (A) and phenylephrine (B) expo-
sure induced a decrease in adiposity compared with control groups
on SD, whereas no significant difference was found on HFD.
Rosiglitazone exposure induced a smaller decrease in adiposity
compared with controls on an SD background, whereas an increase
in adiposity was observed on an HFD background (C). TBT in-
duced an increase in adiposity, irrespective of the lipid content of
the diet (D). Rosiglitazone-induced adipogenesis was additive to
the effect of a high-fat diet (C). TBT, an environmental contami-
nant, also had an additive effect and was strongly obesogen at
this environmentally relevant level (D). Values are mean + SEM,
n = 10 animals per group. *P < 0.05, #*P < 0.01, ***P < 0.005,
#EEEP < 0.0005 by comparison of means using the same back-
ground diet.

Whereas control larvae exhibited a decrease or disappear-
ance of NR-stained lipid droplets (Fig. 6A, C), rosiglitazone
induced an increase in droplet size (Fig. 6B, D). The effect
of rosiglitazone was completely abolished by PPARy antag-
onist T0070907, indicating that rosiglitazone had a specific
effect on adipocyte hypertrophy (Fig. 7).
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Control

Rosiglitazone 1 uM

Fig. 6. Invivo adipocyte lipid droplet dynamics using the ZO test.
Representative clusters of individual adipocytes from live unfed lar-
vae were selected after NR staining, and images were recorded
from the same animal before (A, B) and after (C, D) a 24-h expo-
sure to the compounds. Adipocytes are stained green. C: Control
larva recorded in (A) (SL = 8.9 mm) exposed to 0.1% DMSO, used
as a vehicle control. D: Rosiglitazone-treated larva recorded in (B)
(SL = 8 mm) exposed to 0.1% DMSO plus 1 pM rosiglitazone.
Transparent casper line was used to avoid any pigmented cell opti-
cal artifact at the magnification used. Whole-body variations in ini-
tial versus final adiposity of the two selected animals were —5.6%
and +5.6% in control and rosiglitazone-treated animals, respec-
tively. Scale bar, 150 pm.

TBT is a recognized environmental obesogen (19-21).
Larvae treated at an environmentally relevant concentra-
tion (22-24) exhibited a remarkable increase in adiposity,
irrespective of the lipid composition of the background

D Control
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Fig. 7. ZO testasa tool for studying molecular mechanisms underly-
ing adiposity dynamics in living zebrafish. Quantitative analysis was
performed by recording the image area of NR fluorescence signals.
WAT dynamics is expressed as a percentage of initial adiposity value. A
representative experiment is presented. Quantification was assayed in
the presence of 0.1% DMSO as a vehicle control or 0.1% DMSO plus
rosiglitazone 1 pM or 0.1% DMSO plus rosiglitazone 1 pM and
T0070907 10 pM on an HFD background. Rosiglitazone-induced adi-
pogenesis was abolished by PPARy antagonist T0070907, indicating
that rosiglitazone had a specific effect on adipocyte hypertrophy. Val-
ues are mean = SEM, n = 10 animals per group. **#*P< 0.001 by com-
parison with control group using ANOVA and Dunnett’s test.
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Control

Tributyltin 0.05 uM

Fig. 8. In vivo adiposity dynamics under the effect of TBT using
the ZO test. Representative perivisceral WAT from live unfed lar-
vae were selected after NR staining and images were recorded be-
fore (A, B) and after (C, D) a 24-h exposure or not to the
compounds. Lateral view and anterior part to the right and dorsal
part to the top. Larvae on an HFD background were starved for
24 h before initial adiposity recording (see Fig. 1 for details of ZO
test diagram). C: Control larva recorded in (A) (SL = 8.2 mm)
exposed to 0.1% DMSO, used as a vehicle control. D: TBT-treated
larva recorded in (B) (SL = 8.1 mm) exposed to 0.1% DMSO plus
0.05 pM TBT. Adipocytes are stained green. Perivisceral and
whole-body variations in initial versus final adiposity of the two
selected animals was —23% and —19.14% in control and +12%
and +12.81% in TBT-treated animals, respectively. Scale bar, 500 pm.
ai, anterior intestine; pwat, perivisceral white adipose tissue; sb,
swim bladder.

diet (Fig. 5D and Fig. 8). Compared with controls, TBT-
treated larvae had 15.75% =+ 2.45 more adiposity than con-
trols on an HFD background (n = 5 independent
experiments). Statistical analysis using a univariate gen-
eral linear model of the effect of factors, rosiglitazone or
TBT treatment, combined with HFD, indicated that each
of these two factors had a significant effect (P < 0.0001).
However, there was no interaction between the chemical
and diet factors that resulted in an additive effect. The ob-
served effect of TBT was limited to WAT, as no significant
NR signal was found in the circulatory system, intestines
(Fig. 8), or other anatomic locations (e.g., liver and gall
bladder; data not shown). There is currently evidence to
suggest that prenatal exposure to TBT or rosiglitazone ac-
tivates the PPARvy, a key adipogenesis regulator (16),
thereby altering the fate of multipotent stromal stem cells,
predisposing them to become adipocytes (23, 25). How-
ever, due to its short-term, one-day window of exposure at
larval stage, the ZO test is probably not suitable for evaluat-
ing the potential of chemicals and drugs to induce adipo-
cyte hyperplasia. Adipocyte lipid droplet size results from
a balance between the actions of various physiological
stimuli and factors that promote triacylglycerol lipolysis
and those that promote lipogenesis, irrespective of the
mechanisms involved. HFD induced an increase in lipid
content in the circulatory system of the larvae compared
with SD, indicated by an increase in the NR signal after
feeding (Fig. 4). Consequently, the fatty acids available for
triacylglycerol synthesis may be more abundant, facilitat-

ing neutral lipid deposition in adipocytes even in the fast-
ing state. It should be pointed out that, at the time of initial
adiposity recording (i.e., after a-one day fast) and at the
image magnification and fluorescent microscope settings
used (e.g., the background subtracted method used),
there was no significant nonadipose NR fluorescence
signal likely to interfere with WAT quantitation (Fig. 2B,
Fig. 4F, Fig. 8). The nutritional condition used favored a
lipolysis state, as demonstrated by the decrease in lipid
droplet size in controls (Fig. 6A, C). However, exposure to
obesogenic molecules (e.g., rosiglitazone) induced an in-
crease in lipid droplet size, as evidenced on an HFD
background (Fig. 6B, D). Exogenous compounds (e.g.,
rosiglitazone or TBT) that increased adiposity in the fast-
ing state were classified as obesogenic.

In summary, our data demonstrated that zebrafish
larvae provided a suitable vertebrate model for screen-
ing chemicals and mixtures likely to impair adipocyte
fat storage and mobilization in interaction with diet
lipid content. The ZO test is an intermediate step in
obesity research, between in vitro and rodent assays,
and it also may be used to study the effect of environ-
mental toxicants on the adiposity of aquatic species.
One major advantage of the described method is that
the complex, dynamic, interactive, multi-organ events
that occur in vivo remain intact, thus making it easier to
characterize potentially obesogenic or anti-obesogenic
substances.Hl
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Abstract

Introduction: Overweight and obesity are defined as a disease in which abnormal excessive
body fat accumulation causes adverse effects on health. A proposed contributor to the rise in
obesity is exposure to endocrine disrupting chemicals (EDC’s). Obesogens are EDCs that
directly or indirectly may promote obesity by increasing fat storage in fat cells and/or the
number of adipocytes by altering the lipid homeostasis and the energy balance. The organotin
tributyltin chloride (TBT) induces adipogenesis in cell culture models and increases adipose
mass in vivo in two vertebrate model organisms, frogs and mice. It has been suggested that
TBT acts through use of peroxisome proliferator activated receptor (PPAR)y.

Methods: We recently designed the zebrafish obesogenic (ZO) test; adiposity is measured
using a fluorescent probe that stains lipid droplets (Tingaud-Sequeira et al., J. Lipid Res.
2011). Zebrafish is one of the most important models in environmental toxicology and is
rapidly becoming a major model for studies on human health and disease.

Results: Zebrafish larvae treated at environmentally-relevant nano molar concentrations of
TBT exhibited a remarkable increase in adiposity. By using the ZO test, we demonstrated that
PPARYy/retinoid X receptor (RXR) heterodimers may be recruited to modulate adiposity in
living zebrafish but were not involved in TBT obesogenic effect. We found that RXR/RXR
homodimers and RXR/liver X receptor (LXR) heterodimers are in vivo effectors of the
obesogenic effect of TBT on zebrafish adipose tissue.

Conclusion: TBT acts in vivo to induce triacylglycerol storage in white adipocytes via

nuclear receptors LXR and RXR, and not via the PPARy and 6 isoforms.
Grant support: N.O. was supported by a predoctoral fellowship from the French Ministry of

Research and Education. This work was supported by the Conseil Régional d’Aquitaine
(200881301031/TOD project) to P.J.B.
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You will find below a resume and discussion of the manuscript content including the
final version of the Figures. The right place of this text is on Section 2 of Chapter 1IV. It has
been reproduced here in attend to have the definitive version of this manuscript. Sorry for the

inconvenience.

An obesogenic molecule can promote lipid deposition in adipocytes by disrupting lipid
homeostasis at one or multiple levels and may an ED from xenobiotic origin. It can substitute
for natural ligands blocking or over-regulating hormone receptors. They can also lead to a
disruption of hormone biosynthesis and consequently alter lipid homeostasis. Finally, an
obesogenic molecule can change the energy balance by inducing alterations in metabolic
programming during development and/or in processes controlling satiety (Griin and

Blumberg, 2009a, 2009b)

Among the molecules we screened with the ZO test, TBT has proven to be one of the
most powerful obesogen we have used and can induce its action at a concentration incredibly
low, of the order of nM (Figure 3, Chapter III, Ouadah-Boussouf and Babin, 2012). This
concentration is related to the concentration of TBT which can be measured in human blood.
For example, the average concentration observed in a study conducted in the USA in 1998
was 23.4 + 44.04 nM (Kannan et al., 1999). TBT can be considered obesogenic at
concentrations usually found in animal organisms for hormones. The data obtained on the
zebrafish larvae confirms that this molecule is one of the most toxic products ever introduced
by man into the environment. TBT is classified as one of the most powerful EDs (Evans et al.,
1995, Pereira et al., 1999; Ayanda et al., 2012) and was previously identified as highly
obesogenic (Kanayama et al., 2005 , Griin and Blumberg, 2009a; Griin et al., 2006a; Janesick
and Blumberg, 2012).

In vitro studies show that the ability of TBT or Rosi induce adipogenesis from
multipotent stem cells of the vascular stroma (MSCs) (Kirchner et al., 2010) or the
differentiation of 3T3-L1 preadipocytes (Li ef al., 2011) was dependent on the activation of
the heterodimer RXR/PPARY (Kanayama et al., 2005; Nishikawa et al., 2004; Nakanishi et
al., 2005, 2006; Nakanishi, 2007; 2008; Griin ef al., 2006a; Griin and Blumberg, 2006b). In
cell culture, TBT appears to bind to PPARy and operates in a competitive manner against
Rosi, by blocking the binding of the latter with the PPARy (Hiromori et al., 2009). TBT can
activate the heterodimer forms containing PPARa., /3 and y via their partner RXR (Le Maire
et al., 2009). Indeed, a covalent bond between the tin atom of TBT and cysteine 432 of helix
H11lof the human RXRa can be established (Le Maire et al., 2009). Other authors have also

shown that TBT interacts with RXRs to influence the expression of genes regulated by
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permissive heterodimers (Wang et al., 2011). Moreover, imposex in gastropod molluscs can
be induced via RXR ligands similarly to the inductive effect of TBT (Castro et al., 2007,
Sousa et al., 2010; Lima ef al., 2011; Stange et al., 2012).

The starting point of our investigations on the mode of action of TBT was using a
PPARYy antagonist, the T0070907 because previous work carried out on cell cultures of 3T3-
L1 preadipocytes were shown that this antagonist could block the obesogenic effect of TBT
(Kirchner et al., 2010). This result was in contradiction with the work done previously on the
adipocyte line where a lack of blocking the action of TBT by the antagonist GW9662 of
PPARy was observed (Inadera and Shimomura, 2005). The lack of effect of GW9662 to block
the differentiation of preadipocytes would be due to the short half-life time of this antagonist
in cell culture. TBT can therefore carry out its work after activation of the heterodimer

RXR/PPARy (Li et al., 2011).

Using Rosi as a positive control, we could show, by using the ZO test, that T0070907
blocks the action of thios well-known PPARy agonist (Figure 7 of Chapter II-Tingaud
Sequeira et al., 2011; Figure 4 of Chapter III, Ouadah-Boussouf and Babin, 2012). However,
the PPARy antagonist is unable to block the action of TBT on zebrafish WAT (Figure 4 of
Chapter III, Ouadah-Boussouf and Babin, 2012). From this result, inconsistent with that
obtained in cell culture of preadipocytes, we investigated the in vivo mode of action of TBT

on the zebrafish WAT in order to characterize the NRs potentially involved.

NRs, and in particular their ligand binding site, are highly conserved during evolution.
This generally allows the use of specific agonists and antagonists in interspecies conditions.
Among some NRs known to regulate lipid metabolism, e.g. ER, PPARa, y and 8, RXR and
LXR, the use of specific antagonists resulted in a number of cases, compared to controls, by a
higher decrease of adiposity observed during fasting (Figure 1 of Chapter III, Ouadah-
Boussouf and Babin, 2012). This concerns T0070907 and GSK3787 respectively antagonists
and PPARy and 6, the UVI3003 used as an antagonist of RXR and GSK2033 used as an LXR
antagonist. The activity of these NRs may be modulated in vivo to modify the level of

adiposity in larval zebrafish. So we then focused our work on these NRs.

As indicated in Chapter I (Part N° 2), RXRs represent mandatory heterodimerization
partner for many NRs (Mangelsdorf ef al., 1990). RXR ligands can stimulate transcriptional
activation of their partners when it they are permissive receptors such as PPARs and LXRs
(Lefebvre et al., 2010). Using the ZO test, we showed that RXR/PPARy and RXR/LXR

heterodimers may be recruited as modulators of adiposity in larval zebrafish (Figure 2 of
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Chapter III, Ouadah-Boussouf and Babin, 2012). Concerning the heterodimer RXR/PPARY,
separate use of the agonist of both partners of the heterodimer or both agonists simultaneously
shows an obesogenic effect and hypertrophy of adipocytes. PPARy is known for its
obesogenic effect on zebrafish, Xenopus and humans (Riu et al., 2011). It has been suggested
that this NR is a major target for obesogenic molecules (Kanayama et al., 2005; Janesick and
Blumberg, 2011). RXRs are also the target for obesogens and blocking this receptor by the
antagonist HX531 may have an anti-diabetic and anti-obesogenic effet. This antagonist could
inhibit hypertrophy of adipocytes derived from OLETF rats (Nakatsuka et al., 2012). Our
work shows that three different RXR agonists, fluorobexarotene, SR11237 and DHA had an
obesogenic activity that can be inhibited by the antagonist UVI3003. Our results show also
that inhibition of one of the partners of the RXR/PPARy heterodimer by its specific
antagonist, causes inhibition of the obesogenic effect of the agonist of the other partner. The
same result was observed with RXR/LXR heterodimer (Figure 2 of Chapter III, Ouadah-
Boussouf and Babin, 2012). This indicates that the fatness of the zebrafish larva can be

modulated by these NRs heterodimer forms.

A 24-hour exposure of zebrafish larvae according to the procedure of ZO test with
Rosi and GW501516, PPARy and PPARP/6 agonists, respectively, induced an increase in
adiposity compared to animals exposed to the vehicle (DMSO) alone. This is in agreement
with previous observations on the increase in the amount of lipids in cells in culture (Schmuth
et al., 2004; Kirchner et al., 2010). In both cases, this effect could be inhibited by specific
antagonists of these two NRs, T0070907 and GSK3787, respectively. These two antagonists
have no effect on the obesogenic effect of TBT observed by the ZO test suggesting that TBT
does not use PPARy and PPARP/o (Figure 4 of Chapter III, Ouadah-Boussouf and Babin,
2012 ). DHA and GW3965, respectively agonits of RXRs and LXRs, are obesogenic in the
same way as TBT (Figure 5 of Chapter III, Ouadah-Boussouf and Babin, 2012). The
antagonist of RXR, UVI3003, completely inhibits the effect of DHA and also the obesogenic
effect of TBT. GSK2033, an LXRs antagonist, completely inhibits the obesogenic effect of
GW3965 but partially the effect of TBT. These results indicate that in WAT of larval
zebrafish, TBT achieves its obesogenic effect via RXR/RXR homodimers and LXR/RXR
heterodimers. RXR/PPARYy heterodimers does not seem to be involved in the obesogenic
effect of TBT but have the potential to be recruited separately in the presence of TBT to
modulate adiposity in zebrafish (Figure 6 of Chapter I1I, Ouadah-Boussouf and Babin, 2012).

Our results indicate that TBT stimulates the deposition of TAG in zebrafish WAT by
activating RXR/RXR homodimers and RXR/LXR heterodimers. The schematic
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representation of the signaling NR pathways involved in TBT-induced hypertrophic
adipocytes in living zebrafish is depicted in Figure 7 of Chapter III). This is consistent with
the hypothesis originally formulated by Inadera and Shimomura in 2005. The contradictory
results obtained by other authors by using cell cultures could possibly be explained by the
action of hormonal and/or growth factors present in the culture medium. It should be noted
that RXR/RXR homodimer may selectively bind to PPREs (Ijpenberg et al., 2004). In
addition, activation of LXRs is involved not only in lipogenesis but also in adipogenesis with
an expression of the adipocyte-specific genes in 3T3-L1 cells (Juvet et al., 2003; Seo et al.,
2004). The unique counterpart to LXR found in the zebrafish genome is closer to human
LXRa that form [ (Archer et al., 2008). In mouse macrophage RAW264 cells the
transcriptional response to TBT is through the RXR/LXRa heterodimer (Cui et al., 2011),
indicating that these ED may also, in this cell type, use this heterodimer to carry out its action.
The terms of the TBT binding to RXRa are known (Le Maire et al., 2009), but there is no
data, to our knowledge, on the ability of TBT to link directly LXR.
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Figure 1. Identification of nuclear receptor antagonists able to decrease adiposity in live
zebrafish larvae. ZO test was conducted to larvae initially nourished with SD. WAT
dynamics is expressed as a percentage of initial adiposity value (see the Experimental
Procedures section for details about ZO test and quantitative analysis protocols). A
representative experiment is presented. Quantification was assayed in the presence in fish
water of 0.1% DMSO as a vehicle control or 0.1% DMSO plus the selected nuclear receptor
antagonist. The concentration of each antagonist used was 10 uM with the exception of
UVI3003 where 0.1 uM has been applied. In the conditions used, antagonists ICI182 to ER
and GW6471 to PPARa were unable to modulate adiposity by comparison to vehicle control.
T0070907 and GSK3787 used as antagonists of PPARy and PPARSY, respectively and
UVI3003 and GSK2033 used as antagonists of RXR and LXR, respectively were able to
decrease adiposity by comparison to vehicle control. Values are mean + SEM, n = 10 animals
per group. *'P = 0.085, *P < 0.05, **P < 0.001 by comparison with control group using
ANOVA and Dunnett’s test.
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Figure 2. RXR/PPARy and RXR/LXR heterodimers may be recruited to modulate
adiposity in living zebrafish. A) Characterization of RXR/PPARY heterodimer involvement.
B) Characterization of RXR/LXR heterodimer involvement. Representative experiments are
presented. ZO test was applied to larvae previously nourished with HFD. Quantification was
assayed in the presence in fish water of 0.1% DMSO as a vehicle control or 0.1% DMSO plus
the combination of the indicated compounds. DHA (1 uM) and UVI3003 (0.1uM) were used
as RXR agonist and antagonist, respectively. Rosiglitazone (1 pM) and T0070907 (10 uM)
were used as PPARy agonist and antagonist, respectively. GW3965 (1 uM) and GSK2033 (10
uM) were used as LXR agonist and antagonist, respectively. Values are mean + SEM, n = 10
animals per group. *P < 0.05, **P < 0.01, ***P < (0.001 by comparison with control group

using ANOVA and Dunnett’s test.
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Figure 3. TBT is a potent in vivo obesogenic compound effective at a nanomolar
concentration in live zebrafish larvae. A representative experiment is presented. ZO test
was applied to larvae previously nourished with HFD. Quantification was assayed in the
presence in fish water of 0.1% DMSO as a vehicle control or 0.1% DMSO plus TBT at the
indicated concentrations. Values are mean + SEM, n = 10 animals per group. **P < 0.01,

*#%P <0.001 by comparison with control group using ANOVA and Dunnett’s test.
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Figure 4. Antagonists to PPARYy and § isoforms are not able to block the obesogenic
effect of TBT on white adipose tissue of live zebrafish larvae. 4, PPARy pathway. Values
are mean + SEM of five and four independent experiments of rosiglitazone and TBT treated
groups, respectively. B, PPARS pathway. Values are mean + SEM of three independent
experiments of GW501516 and TBT treated groups, respectively. ZO test was applied to
larvae previously nourished with HFD. Quantification was assayed in the presence in fish
water of 0.1% DMSO as a vehicle control or 0.1% DMSO plus the combination of the
indicated compounds. Rosiglitazone (1 uM) and T0070907 (10 uM) were used as PPARy
agonist and antagonist, respectively. GW501516 (1 uM) and GSK3787 (10 uM) were used as
PPARS agonist and antagonist, respectively. TBT was used at 25 nM. In each independent
experiment, n = 10 animals per group. *P < 0.05, ****P < (0.0001 by comparison with the

corresponding agonist treated group using one-tailed unpaired #-test.
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Figure 5. RXR/RXR homodimers and RXR/LXR heterodimers are in vivo effectors of
the obesogenic effect of TBT on zebrafish adipose tissue. 4, RXR/RXR pathway. Values
are mean + SEM of eight and seven independent experiments of DHA and TBT treated
groups, respectively. B, RXR/LXR pathway. Values are mean + SEM of four and six
independent experiments of GW3965 and TBT treated groups, respectively. ZO test was
applied to larvae previously nourished with HFD. Quantification was assayed in the presence
in fish water of 0.1% DMSO as a vehicle control or 0.1% DMSO plus the combination of the
indicated compounds. DHA (1 pM) and UVI3003 (0.1 uM) were used as RXR agonist and
antagonist, respectively. GW3665 (1 uM) and GSK2033 (10 uM) were used as LXR agonist
and antagonist, respectively. TBT was used at 25 nM. In each independent experiment, n = 10
animals per group. **P < 0.01, ****P < 0.0001 by comparison with the corresponding

agonist treated group using one-tailed unpaired #-test.
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Figure 6. RXR/PPARY heterodimers are not involved in the obesogenic effect of TBT
but have the potential to be recruited separately in the presence of TBT to modulate
adiposity in living zebrafish. ZO test was applied to larvae previously nourished with HFD.
Quantification was assayed in the presence in fish water of 0.1% DMSO as a vehicle control
or 0.1% DMSO plus the combination of the indicated compounds. LG100754 (0.1 pM) was
used as RXR homodimer antagonism and RXR heterodimer agonist. GSK2033 (10 uM) and
T0070907 (10 uM) were used as LXR and PPARYy antagonists, respectively. TBT was used at
25 nM. Values are mean + SEM of three independent experiments with n = 10 animals per
group in each independent experiment. ***P < 0.001 using ANOVA followed by the post hoc
Tukey’s test.
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Figure 7 (Graphical abstract). Schematic representation of the signaling NR pathways
involved in TBT-induced hypertrophic adipocytes in living zebrafish. A plus symbol indicates
an agonist effect, a negative symbol an antagonist one. The question mark inside the TBT
graphic symbol indicates that there was incertitude about the ability of TBT to bind LXR.
Antagonist compounds have been used in a concentration range of the order of uM, while the
TBT was in a range of the nM. TBT was fully (+/+), partially (+/-) or no (-/-) obesogenic
according to the combination of agonists and antagonists used. A) TBT induced adipocyte
hypertrophia through RXR/RXR and RXR/LXR pathways. B) This effect was fully abolished
with RXR antagonist UVI3003. C) In the presence of LXR antagonist GSK2033, TBT was
partially active due to inhibition of RXR/LXR heterodimers while RXR homodimers were
still active. D) The obesogenic effect of TBT was not inhibited by PPARy antagonist
T0070907 precluding a role of RXR/PPARY heterodimer in TBT action. E) RXR/PPARY
heterodimers were still active in vivo even after RXR/RXR and RXR/LXR pathway blockage.
These pathways were antagonized with LG100754 and GSK2033, respectively. However,
LG100754 was also a RXR heterodimer agonist that had the potential to recruit RXR/PPARYy
and therefore induced hypertrophic adipocyte independently to the presence of TBT. This was
consistent with adipocyte hypertrophia induced by rosiglitazone treatment, a PPARYy agonistic
effect that was inhibited by T0070907 (not shown on the graph, see Fig. 4A). F) The agonistic
effect of LG100754 on RXR/PPARy heterodimer was also abolished by the PPARy
antagonist T0070907.
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CHAPITRE IV

DISCUSSION GENERALE,
PERSPECTIVES ET
CONCLUSION
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1. Originalit¢é du ZO test et application pour l'identification de
molécules obésogénes et anti-obésogénes.

1.1. Les méthodes de mesure de I’adiposité.

Il existe plusieurs méthodes pour estimer la quantit¢ de graisse corporelle chez
I’animal ou I’humain. La plus utilisée et la plus simple a mettre en ceuvre est I'IMC comme
discuté dans le Chapitre I. Cet indice est fréquemment utilisé en clinique afin de déterminer le
sous-poids, le surpoids et 1’obésité. Cet indice reste insuffisant pour caractériser finement la
répartition du TAB et donc la silhouette de I’individu et I’historique de son évolution
pondérale. Il peut malgré tout exister une corrélation entre I'IMC et la masse grasse (Micozzi
et al., 1986; Leonhardt et al, 1987). 1l existe d’autres méthodes de visualisation du TAB,
telles que celles relevant de I’imagerie (Shen et al., 2003). Pour les petits modéles animaux
des méthodes expérimentales existent pour mesurer la teneur en graisses. Cela comprend les
méthodes invasives, par exemple par la mesure ex vivo du dépdt de graisse. Cette technique
longue et fastidieuse n’assure pas une dissection compléte de toute la masse graisseuse du
corps de I’animal. L’extraction des lipides totaux par des solvants organiques peut étre tentée,
mais la aussi s’aveére difficile a mettre en ceuvre dans le cas de séries expérimentales
importantes. D’autres méthodes non invasives existent, par exemple, [’absorption
biphotonique aux rayons X ou la résonance magnétique nucléaire. Chacune de ces méthodes
présente un compromis relatif (Sasser ef al., 2012). Les méthodes dites invasives permettent
d’avoir des informations sur la distribution des graisses dans les organes ou sur des régions
spécifiques. Toutefois, le sacrifice des animaux empéche d’avoir une évaluation individuelle
longitudinale de la variation d’adiposité en fonction d’un traitement particulier. A I’inverse
les méthodes non invasives permettent d’avoir cette évaluation longitudinale mais donnent
peu de détails concernant les organes et les régions spécifiques du fait de leur résolution

limitée (Sasser ef al., 2012).

I est a noter que la quantification des lipides a partir de cultures cellulaires, cultures
d’adipocytes par exemple, peut se réaliser par extraction des lipides et quantification et/ou par

coloration des cellules avec 1’Oil Red O ou le rouge de Nil.
1.2. Le ZO test.

Le ZO test développé au cours des travaux de theése constitue une méthode simple,

rapide et fiable pour évaluer I’effet de molécules exogeénes seules ou en mélange, en
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intéraction ou non avec des facteurs d’origine alimentaire. Ce test qui utilise la larve vivante
du poisson zebre tire son originalité principale de part I’utilisation d’une coloration spécifique
des lipides neutres présents dans les adipocytes et leur visualisation aisée par microscopie a
fluorescence du fait de la transparence du corps de 1’animal. La méthode vitale employée
permet un suivi individuel des animaux vivants. La petite taille de ceux-ci, permet de réaliser
des séries expérimentales avec un grand nombre d’animaux, ce qui autorise des

expérimentations a grande échelle et une analyse statistique adéquate des effets observés.

Apres avoir défini de facon rigoureuse le protocole nutritionel et la durée d’exposition
aux molécules, celles-ci sont directement dissoutes, en général en présence de DMSO, dans
I’eau d’¢levage des poissons. L’épiderme de ces animaux au stade larvaire est trés fin ce qui
facilite considérablement la diffusion des molécules a I’intérieur de 1’organisme et sa
distribution rapide via le systéme circulatoire. Les adipocytes matures sont uniloculaires et la
coloration de la gouttelette lipidique unique constituée quasi exclusivement de TAG est
réalisée a 1’aide du rouge de Nil. Ce colorant vital a un pic d’émission de fluorescence
spécifique apres excitation (Figure 34) (Greenspan and Fowler, 1985 ; Flynn et al., 2009 ;
Romek et al., 2011). Le protocole consiste a réaliser une capture de I’image en fluorescence
de la larve avant et aprés exposition a un composé donné, exposition qui a elle-méme été
précédée par une alimentation a 1’aide d’un aliment de composition lipidique connue. Ce
protocole permet ainsi d’étudier, d’'une part I’effet d’une exposition a une molécule donnée
sur I’adiposité de I’animal, mais également d’apprécier I’intéraction entre cet effet et le passé

nutritionnel de I’animal.

L’analyse du signal de fluorescence du TAB, méme pour des localisations corporelles
profondes, est possible du fait de la transparence de la larve a ces stades de développement.
L’aire ou I’intensité du signal de fluorescence du TAB aprés coloration au rouge de Nil est
mesurée par traitement informatisé des images (logiciel ImagelJ (NIH), libre de droits) selon
une procédure similaire a celle précédemment développée au sein du laboratoire. Cette
procédure parfaitement optimisée est utilisée en routine dans le cadre de la mise en ceuvre
d’un autre test développé par 1’équipe, le « T4 immunofluorescence quantitative disruption
test » (TIQDT) (Raldua and Babin, 2009 ; Thienpont ef al., 2011 ; Raldta et al., 2012). Dans
le cas du ZO test, nous avons démontré qu’il existe une corrélation trés significative entre
I’aire ou l’intensité du signal de fluorescence du TAB et la quantit¢é des TAG dosées en
biochimie a partir des larves enti¢res. La quantité de TAB présente dans la larve du poisson
zebre est liée a la taille de I’animal et non a son age. Une observation similaire a été¢ publi¢e

(Imrie and Sadler, 2010). La mise en ceuvre du ZO test doit s’effectuer avec des larves dont la
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taille est comprise entre 7,5 et 9 mm. Ceci permet d’obtenir une fluorescence entre 10 et 60
unités arbitraires aprés coloration au rouge de Nil pour des animaux dont les différentes
localisations du TAB sont en place. Le TAB est alors disposé au niveau viscéral, a la base des
nageoires pectorales et caudale, au niveau de la machoire et autour des yeux, au sein de la
région péricardique, et de fagon limitée au niveau sous-cutané (Figure 35A) (Flynn et al.,
2009). La gamme de taille des animaux utilisée permet de maintenir 1’adiposité de la peau a
un niveau acceptable pour permettre la visualisation par transparence des autres sites
corporels de distribution du TAB. Le filtre HQ-FITC-BP du microscope a fluorescence utilis¢
permet de minimiser au maximum le bruit de fond lors de la capture d’image (Figure 34C) par

rapport au TRITC utilisé précedemment (Figure 35B) (Flynn ez al., 2009).

FITC ; Ex 460-500 BA 510-560

Figure 35. Visualisation in vivo du signal de fluorescence des gouttelettes lipidiques des
adipocytes apreés coloration au rouge de Nil de la larve vivante de poisson zebre. (A) Les
différentes localisations du TAB de la larve en vue latérale (d’apres Flynn et al., 2009) ; (B),
Vue latérale sous microscope avec un filtre TRITC ; (C), Vue latérale pour le méme animal
sous le filtre HQ-FITC-BP. (e), ceil ; (SC), sous cutané ; (M), machoire ; (V), viscérale ; (P),
pectorale ; (C), caudale ; (PC) région péricardique Echelle, 1 mm (d’aprés Tingaud-Sequeira
etal., 2011).

Le ZO test donne une opportunité originale et unique, non seulement pour la

visualisation du TAB in vivo chez un modele animal, mais permet également d’avoir une

¢valuation individuelle longitudinale sur des tissus et des organes spécifiques (voir par
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exemple la Figure 8 du Chapitre I, Tingaud-Sequeira et al., 2011). Une analyse in vivo a
I’échelle de I’adipocyte peut ¢galement Etre réalisée, ce qui constitue une avancé remarquable,
de notre point de vue, pour 1’étude de la dynamique in vivo de 1’adipocyte et des facteurs

impliqués (voir par exemple la Figure 6 du Chapitre 11, Tingaud-Sequeira et al., 2011).

La larve de poisson zebre permet d’étudier I’effet du régime alimentaire sur la
dynamique a court terme et a long terme du TAB. Le ZO test est quand a lui particuliérement
dédié pour cette évaluation a cours terme. Une alimentation riche en lipides (55% de lipides)
se traduit par une augmentation rapide et trés importante du signal de fluorescence dans la
circulation sanguine par rapport a ’alimentation standard (10 % de lipides) (Figure 4 du
Chapitre II, Tingaud-Sequeira ef al., 2011). Le protocole mis ceuvre tient compte de la mise a
jeun de 24 heures nécessaire avant I’exposition aux molécules afin d’éviter le quenching du
signal de fluorescence du TAB périviscéral lié¢ a la présence des aliments dans la lumiére du
tractus digestif (Figure 36). Cette mise a jeun de 24 heures n’est pas suffisante pour diminuer
drastiquement la quantité de lipides qui circulent dans le systeme circulatoire des animaux
nourris avec un régime riche en lipides (Figure 4 du Chapitre II, Tingaud-Sequeira et al.,
2011). Par contre, la mise en ceuvre du ZO test sur des animaux contrdles indique que la mise
a jeun des larves provoque treés rapidement une diminution de 1’adiposité corporelle (Figure
36). Cette diminution est dépendante de la nature du régime alimentaire ingéré. Des larves
controles traitées avec 0,1% DMSO et nourris initialement avec un aliment standard, perdent
19,77 + 1,87 % de leur adiposité en 24 heures ; alors que des larves nourries initialement avec

un aliment riche en lipides ne perdent que 11,83 + 0,93% de leur adiposité (Figure 37).

Figure 36. Visualisation du TAB périviscéral de larves de poisson zebre apres coloration au
rouge de Nil et observation au microscope a fluorescence. A) Larve 24 heures apres la prise
de nourriture. B) Larve 3 heures apres la prise de nourriture. La différence de fluorescence
observée, au niveau du tractus digestif (cercle blanc), est le résultat du quenching de
fluorescence imputable a la présence des aliments dans le tractus digestif.
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Figure 37. : Effet de la nature du régime
alimentaire sur le pourcentage de perte
en adiposité apreés la mise a jeun des
, larves de poisson zebre. Les valeurs sont
ek la moyenne + SEM de 9 expériences
: indépendantes, N=10 larves par groupes,
*¥#%p<0.005 par comparaison des

; ; moyennes en utilisant le «one-

- 204 T tailed unpaired ¢-test».

=10 =
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La possibilité d’étudier les intéractions entre facteurs nutritionels et exposition a des
molécules qui modulent d’adiposité est I’une des qualités les plus représentatives du ZO test.
Nous I’avons illustré de la facon suivante (Tingaud-Sequeira et al., 2011). PPARy est
considéré comme le RN régulateur clé de I’adipogenése (Tontonoz et Spiegelman, 2008) et
permet de faire le lien entre I’obésité et le diabete de type 2 (Janesick et Blumberg, 2011). La
Rosi est connu comme agoniste des PPARy et est capable d’induire la différenciation
adipocytaire en culture cellulaire a une concentration de 1’ordre de 10 uM (Velebit et al.,
2008). Cet agoniste est capable de diminuer rapidement 1’expression de certaines enzymes
clées du métabolisme du glucose chez des larves de poisson zebre traitées a la concentration
de 1 uM (Elo et al., 2007). Le TO070907 est un antagoniste puissant des PPARY et peut étre
utilis€ a la concentration de 10 uM en culture cellulaire (Lee et al, 2002 ; Tontonoz et
Spiegelman, 2008). A titre d’exemple, nous avons également testé une autre molécule, la
phenyléphrine, qui intervient dans une autre voie de signalisation et qui est un agoniste des
récepteurs al adrénergiques. Cette molécule est capable d’augmenter la lipolyse au sein du
TAB humain (Boschmann et al., 2002). Le T0070907et la phenyléphrine produisent un effet
lipolytique significatif par rapport aux contrdles lorsque les animaux ont été préalablement
nourris avec un régime alimentaire standard, ce qui n’est plus le cas avec un régime riche en
lipides (Figure 5 du Chapitre II, Tingaud-Sequeira et al., 2011). La prise en compte du passé
nutritionel est donc un critére important pour permettre 1’identification de molécules a
caractere anti-obesogene. Les larves traitées a la Rosi ont augmenté leur niveau d’adiposité
avec un régime alimentaire initial riche en lipide (Figure 5 du Chapitre II, Tingaud-Sequeira
et al., 2011). Sous I’effet de la Rosi, la balance entre mobilisation des TAG consécutive a la
situation de jeline et lipogenese est orientée vers le stockage de ces lipides ce qui se traduit

par une augmentation de la taille de la gouttelette lipidique présente dans les adipocytes
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différenciés (Figure 6 du Chapitre II, Tingaud-Sequeira ef al., 2011). D’une facon tout a fait
remarquable, cette effet obésogénique de la Rosi peut étre inhibé par co-incubation avec
I’antogoniste des PPARy, le T0070907 (Figure 7 du Chapitre II, Tingaud-Sequeira et al.,
2011). Ce résultat confirme un résultat obtenu précédemment en culture cellulaire (Kirchner
et al., 2009) et démontre que le ZO test peut étre utilisé comme un outil pour 1'étude des
mécanismes moléculaires qui sous-tendent la dynamique in vivo du TAB de poisson z¢cbre.
Cette propriété a été utilisée pour mieux définir les mécanismes moléculaires impliqués dans

I’effet obésogénique puissant d’un contaminant environmental, le TBT (Chapitre I11I).

2. Etude du mécanisme d'action in vivo du TBT sur le TAB.

Une molécule obésogeéne peut favoriser le dépot des lipides dans les adipocytes en
perturbant ’homéostasie lipidique a un ou plusieurs niveaux et peut étre un PE de nature
xénobiotique. Il peut agir en se subsitituant a des ligands naturels et bloquer ou en sur-réguler
des récepteurs aux hormones. Elle peut également induire un déréglement de la biosynthése
des hormones et altérer par voie de conséquence 1’homéostasie lipidique. Enfin, une molécule
obésogéne peut modifier la balance énergétique en induisant des dysfonctionnements dans les
processus de régulation de la satiété et induire des altérations de la programmation

métabolique au cours du développement (Griin et Blumberg, 2009a ; 2009b)

Parmi les molécules que nous avons criblé avec le ZO test, le TBT s’est avéré étre 'un
des obésogeénes le plus puissant que nous ayons utilisé et peut induire son action
obésogénique a une concentration incroyablement basse, de I’ordre du nM (Figure 3, Chapitre
III, Ouadah-Boussouf and Babin, 2012). Cette concentration est a mettre en rapport avec la
concentration en TBT qui peut étre mesurée dans le sang humain. Par exemple, la
concentration moyenne observée lors d’une étude menée aux USA en 1998 a été de 23,4 +
44,04 nM (Kannan et al., 1999). Le TBT peut donc étre considéré comme un obésogene a des
concentrations habituellement rencontrées dans les organismes animaux pour les hormones.
Ces données obtenues sur la larve de poisson zebre confirme que cette molécule est I’'un des
produits les plus toxique qui ait jamais été introduit par I’homme dans notre environnement.
Le TBT est class¢ comme 'un des PEs les plus puissant (Evans et al., 1995; Pereira et al.,
1999; Ayanda et al, 2012) et avait été identifiée précedemment comme trés obésogénique
(Kanayama et al, 2005; Griin et Blumberg, 2009a; Griin ef al, 2006a; Janesick et
Blumberg, 2012).
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Des études menées in vitro montrent que la capacité du TBT ou de la Rosi a induire
l'adipogenese a partir des cellules souches multipotentes du stroma vasculaire (CSM)
(Kirchner et al.,, 2010) ou la différenciation de préadipocytes 3T3-L1 (Li ef al., 2011) était
dépendante de l'activation de I’hétérodimere RXR/PPARy (Kanayama et al., 2005 ;
Nishikawa et al., 2004 ; Nakanishi et al., 2005 ; 2006 ; Nakanishi, 2007 ; 2008 ; Griin et al.,
2006a ; Griin et Blumberg, 2006b). En culture cellulaire, le TBT semble se lier a PPARYy et
fonctionne d’une maniére compétitive contre la rosiglitazone, en bloquant la liaison de cette
derni¢re avec le PPARy (Hiromori et al., 2009). Le TBT peut activer les trois formes des
hétérodimeéres PPARa, /5 et y via leur partenaire RXR (le Maire et al.,, 2009). En effet, le
TBT peut avoir une liaison covalente entre son atome d’étain et la cystéine 432 de 1’hélice
H11 du RXRa humain (le Maire ef al., 2009). D’autres auteurs ont également montré que le
TBT interagit avec les RXRs pour influencer ’expression des geénes régulés par les
hétérodimeres permissifs (Wang et al, 2011). Par ailleurs, I’imposex des mollusques
gastéropodes peut étre induit via des ligands de RXR de facon similaire a I’action inductrice

du TBT (Castro et al., 2007 ; Sousa et al., 2010 ; Lima et al., 2011 ; Stange et al., 2012).

Le point de départ de nos investigations sur le mode d’action du TBT a été d’utiliser
un antagoniste des PPARYy, le T0070907, car des travaux précédents réalisés sur des cultures
cellulaires de préadipocytes 3T3-L1 avaient indiqués que cet antagoniste pouvait bloquer
I’effet obésogéne du TBT (Kirchner et al., 2010). Ce résultat était en contradiction avec des
travaux réalisés précedemment sur cette lignée adipocytaire ou une absence de blocage de
I’action du TBT par I’antagoniste GW9662 du PPARy avait été observée (Inadera and
Shimomura, 2005). L’absence de I’effet du GW9662 pour bloquer la différenciation des
préadipocytes serait du a une temps de demi vie trés court en culture cellulaire de cet
antagoniste, le TBT pouvant mener son action apres activation de [’hetérodimere

RXR/PPARY (Li et al., 2011).

En utilisant comme controle positif 1’effet de la Rosi, nous avons pu montrer, par
utilisation du ZO test, que le TO070907 bloque I’action obésogénique de la Rosi, agoniste
bien connu du PPARy (Figure 7 du Chapitre II, Tingaud-Sequeira et al., 2011 ; Figure 4 du
Chapitre III, Ouadah-Boussouf and Babin, 2012). Toutefois, cet antagoniste du PPARY est
incapable de bloquer I’action du TBT sur le TAB de poisson zebre (Figure 4 du Chapitre I1I,
Ouadah-Boussouf and Babin, 2012). A partir de ce résultat en contradiction avec celui obtenu
en culture cellulaire de préadipocytes, nous avons recherché le mode d’action in vivo du TBT

sur le TAB du poisson zebre par I’étude des RNs potentiellement impliqués.
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Les RN, et en particulier le site de liaison au ligand, sont trés conservés au cours de
I’évolution. Ceci permet généralement d’utiliser des agonistes et des antagonistes spécifiques
dans des conditions interespéces. Parmi certains NRs connus pour réguler le métabolisme des
lipides, e.g. ER, PPARa, y et 5, RXR et LXR, I’utilisation d’antagonistes spécifiques a permis
dans un certain nombre de cas d’augmenter, par rapport aux contrdles, la diminution de
I’adiposité observée au cours du jetine (Figure 1 du Chapitre III, Ouadah-Boussouf and Babin,
2012). Ceci concerne le T0070907 et le GSK3787, respectivement antagonistes des PPARYy et
o, PUVI3003 utilis¢ comme antagoniste du RXR, et le GSK2033 antagoniste du LXR.
L’activité de ces NRs est donc modulable in vivo pour modifier le niveau d’adiposité de la

larve de poisson zebre. Nous avons donc par la suite concentré nos travaux sur ces NRs.

Comme indiqué au Chapitre I (partie N°2), les RXRs représentent le partenaire
obligatoire a 1’hétérodimérisation pour de nombreux RNs (Mangelsdorf et al., 1990). Les
ligands des RXRs peuvent stimuler I’activation de la transcription de leurs partenaires quand
il s’agit des récepteurs permissifs comme par exemple les PPARs et les LXRs (Lefebvre et
al., 2010). En utilisant le ZO test, nous avons montré que les hétérodimeres RXR/PPARYy et
RXR/LXR peuvent étre recrutés comme modulateurs de I’adiposité chez la larve de poisson
zebre (Figure 2 du Chapitre III, Ouadah-Boussouf and Babin, 2012). Concernant
I’hétérodimere RXR/PPARY, une utilisation séparée de 1’agoniste de chacun des deux
partenaires de I’hétérodimére ou des deux agonistes simultanément montre un effet
obésogénique et une hypertrophie des adipocytes. Les PPARYy sont connus pour leur effet
obésogene que ce soit chez le poisson zeébre, le Xénope ou I’espece humaine (Riu et al.,
2011). Ce NR représente une cible majeure des molécules obésogenes (Kanayama et al.,
2005 ; Janesick et Blumberg, 2011). Les RXRs sont ¢galement la cible des obésogénes et un
blocage de ce récepteur par I’antagoniste HXS531 peut avoir un effet anti-obésogene et
antidiabétique. Cet antagoniste a pu inhiber I’hypertrophie des adipocytes dérivée des rats
OLETF (Nakatsuka ef al, 2012). Nos travaux montrent que trois agonistes différents des
RXRs, le fluorobexarotene, le SR11237 et la DHA ont une activité obésogeéne qui peut par
ailleurs étre inhibée par I’antagoniste 1’UVI3003. Nos résultats démontrent par ailleurs,
qu’une inhibition de 1’'un des partenaires de 1’hétérodimere RXR/PPARY, par son antagoniste
spécifique, provoque I’inhibition de 1’effet obésogene de I’agoniste de I’autre partenaire. Le
méme résultat a été obseevé avec 1’hétérodimere RXR/LXR (Figure 2 du Chapitre III,
Ouadah-Boussouf and Babin, 2012). Ceci indique que 1’adiposité de la larve de poisson zebre

peut &tre modulée par ces RNs sous forme d’hétérodimeres.
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Une exposition de 24 heures des larves de poisson zébre selon la procédure du ZO test
avec la Rosi et le GW501516, agonistes respectivement des PPARy et /9, induit une
augmentation de I’adiposité par rapport aux animaux exposés avec le véhicule (DMSO) seul.
Ceci est en accord avec des observations précédentes sur 1’augmentation de la quantité de
lipides dans des cellules en culture (Schmuth et al., 2004 ; Kirchner et al., 2010). Dans les
deux cas cet effet a pu étre inhibé par des antagonistes spécifiques, le T0O070907 et le
GSK3787, de ces deux RNs. Ces deux antagonistes n’ont aucune action sur I’effet obésogeéne
du TBT observé par le ZO test ce qui suggere que le TBT n’utilise pas les PPARy et PPARB/S
(Figure 4 du Chapitre III, Ouadah-Boussouf and Babin, 2012). La DHA et le GW3965,
respectivement agonites des RXRs et des LXRs, présentent un effet obésogene de la méme
mani¢re que le TBT (Figure 5 du Chapitre III, Ouadah-Boussouf and Babin, 2012).
L’antagoniste UVI3003 des RXRs inhibe complétement I’effet obésogéne de la DHA mais
également du TBT. L’antagoniste GSK2033 des LXRs inhibe complétement 1’effet
obésogeéne du GW3965 mais partiellement 1’effet de TBT. Ces résultats indiquent que chez la
larve de poisson zebre, le TBT réalise son effet obésogene via les homodimeres RXR/RXR et
les d’hétérodimeres LXR/RXR. Les hétérodiméres RXR/PPARy ne semblent pas étre
impliqués dans ’effet obésogénique du TBT mais ont le potential d’étre recruités séparément
en presence de TBT pour moduler 1’adiposité¢ du poisson zebre (Figure 6 du Chapitre III,

Ouadah-Boussouf and Babin, 2012).

Nos résultats indiquent que le TBT stimule le dépot des TAG dans le TAB du poisson
zebre par activation de I’homodimere RXR/RXR et de I’hétérodimére RXR/LXR. Ceci est en
accord avec I’hypothése initialement formulée par Inadera et Shimomura en 2005. Les
résultats contradictoires obtenus par les autres auteurs par utilisation de cultures cellulaires
pourraient éventuellement s’expliquer par I’action concommitante de facteurs hormonaux ou
de croissance présent dans le milieu de culture. Il est a noter que ’homodimere RXR/RXR
peut se lier sélectivement aux PPREs (Ijpenberg et al., 2004). Par ailleurs, 1’activation des
LXRs est impliquée non seulement en lipogenése mais également en adipogenése avec une
expression de genes spécifiques de 1’adipocyte dans les cellules 3T3-L1 (Juvet et al., 2003 ;
Seo et al., 2004). L’homologue unique du LXR retrouvé dans le génome du poisson zebre est
plus proche du LXRa humain que de la forme B (Archer et al., 2008). Dans les cellules de
macrophage de souris RAW264 la réponse transcriptionnelle au TBT passe par
I’hétérodimere RXR/LXRa (Cui ef al., 2011), ce qui indique que ce PE peut également, dans
ce type cellulaire, utiliser cet hétérodimere pour mener son action. Les modalités de liaison du
TBT au RXRa sont connues (le Maire et al., 2009), mais aucune donnée n’existe, a notre

connaissance, sur la capacité du TBT a lier directement le LXR.

118



3. Perspectives et conclusion.

Les travaux menés dans le cadre de ce travail reposent sur la possibilité d’utiliser le
Z0 test. L’ensemble des analyses réalisées pour décrire la mode d’action du TBT in vivo sur
le TAB ont été rendues possible par ’utilisation, du fait de leur petite taille et de la fécondité
trés élevée de cet animal, de plusieurs milliers de larves de poisson zebre. Ceci a permis
d’utiliser des séries expérimentales contenant un grand nombre d’animaux, d’effectuer des
analyses appareillées, et de produire un nombre intéressant de réplicats indépendants pour
chacune des expériences. Cette puissance d’analyse, rendue possible par la mise en ceuvre du
Z0 test, est trés difficilement abordable par I'utilisation du modéle rongeur, du fait du codt

expérimental engendré et de la difficulté éthique a utiliser un si grand nombre de mammiferes.

Le ZO test, de part son principe, utilise comme point final la taille de la gouttelette lipidique
de D’adipocyte, ce qui permet in fine d’obtenir une estimation quantitative du niveau
d’adiposité de I’animal vivant. Nous considérons que ce point final correspond au niveau
d’intégration est le plus adéquat pour décrire I’action de molécules obésogeénes ou anti-
obésogeénes, comme cela a pu étre illustré par la caractérisation du mode d’action in vivo du
TBT via les RNs. Une analyse plus fine de la cascade d’événements moléculaires qui
aboutissent a la variation de ce point final peut s’avérer necessaire. Ceci concerne, par
exemple, I’étude de la variation des certains geénes cibles de I’homodimeére RXR/RXR et de
I’hétérodimere LXR/RXR lors de I’action du TBT. Ce type d’analyse pourrait étre aisément
réalisé par PCR quantitative en temps réel sur la larve de poisson z&bre mais uniquement dans
le cas de geénes, a priori trés rares, spécifiquement exprimés dans 1’adipocyte blanc.
L’hybridation in situ in toto pourrait étre une alternative pour les génes plus ubiquitaires, mais
cette méthode n’est alors que semi-quantitative. Il est a noter que dans certaines situations
expérimentales, la variation du niveau des transcrits ne correspond pas a une variation
concommitante des protéines correspondantes et que la réponse moléculaire observée peut

étre inverse a la réponse physiologique attendue (voir par exemple, Thienpont et al., 2011).

Le ZO test ne se limite pas uniquement a tester I’effet de molécules via les RNs. Au
cours de ce travail nous avons criblé des molécules pharmaceutiques, des pesticides et autres
contaminants de 1’environnement dont les effets pourraient ou non s’effectuer par d’autres
voies de signalisations cellulaires. A titre d’exemple, la phenylephrine, un agoniste des

récepteurs al-adrénergique capable d’induire une augmentation de I’activité lipolytique du
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TAB humain (Boschmann et al., 2002), provoque une diminution de 1’adiposité par rapport
aux contrdles si les animaux ont été nourris préalablement avec un aliment standard peu riche
en lipides (Figure 5 du Chapitre II, Tingaud-Sequeira et al., 2011). L activité des récepteurs
membranaires de type adrénergique peut donc la aussi étre étudiée avec le ZO test. Nous
illustrerons cette possibilité a I’aide d’un second exemple. Il est connu que le récepteur p1-
adrénergique peut étre impliqué dans la stimulation de la lipolyse a la fois dans le TAB et le
tissu adipeux brun des mammiferes (Atgié et al, 1997 ; Jimenez et al., 2002). Chez un
poisson téléostéen, le tilapia, des mesures effectuées sur des adipocytes isolés ont montré que
le récepteur B1-adrénergique posséde un rdle inverse par rapport aux mammiferes, c'est-a-dire
qu’il semble inhiber la lipolyse (Vianen et al., 2001). En utilisant le ZO test, nous avons pu
démontrer in vivo qu’un agoniste du récepteur Pl-adrénergique, 1’isoproterenol, inhibe la
diminution d’adiposité diie au jeline que ce soit dans des conditions de régime alimentaire
initial standard ou riche en lipides alors qu'un antagoniste du méme récepteur, le metoprolol
tartrate, semble sans effet significatif (Figure 37). Ce résultat confirme [’efficacité et la
sensibilit¢ du ZO test pour étudier in vivo les modalités d’action de différents types de

molécules sur I’activité métabolique du TAB.

0 Standard diet High fat diet 0 Standard diet High fat diet

2 : e
= ' [~
7] H ' 7
= i Ve
= ! 1 =
5 -10 x| P 10
= ! P
= ! =
= : 1 DE
= : v 8
P ' P e
e ! e
) : -
8-204 L ' PoE-20 -
= ! -
@ H ' o
2 ! P E
= i !5
=] ! 1 [=]
&= ! -

~304 ! E -30

DMSO + + + + DMSO
Isoproterenol - + - + Metoprolol  _ + - +

tartrate

Figure 38. Le ZO test permet de tester la voie de signalisation du récepteur de type P1-

adrénergique. A) L’isoprotérenol est une agoniste f1-adrénergique chez les mammiféres mais

semble posséder une activité inverse sur les adipocytes de poisson zebre par une inhibition de

la diminution de ’adiposité au cours du jeline a la fois en régime alimentaire standard ou

riche en lipides. B) Le metoprolol tartrate, antagoniste du récepteur de type Pl-adrénergique
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semble sans effet significatif. Les deux molécules ont été testées a la concentration de 10 uM.
Les valeurs sont la moyenne + SEM, *P < 0,05 ; **P < 0,01 par comparaison des moyennes
par rapport aux controles en utilisant le « one-tailed unpaired z-test ».

Le protocole mis en ceuvre lors du ZO test permet, par exposition pendant 24 heures
aux molécules a évaluer, de connaitre leur capacit¢ a moduler la taille de la gouttelette
lipidique de I’adipocyte. Le principe utilisé, coloration au rouge de Nil et acquisition et
traitement d’images en fluorescence, peuvent également étre utilisés pour étudier les effets a
long terme de ces molécules sur la mise en place et I’hyperplasie de la lignée adipocytaire au
cours du développement. Dans ce contexte, des travaux préliminaires ont été réalisés dans le
cadre de cette thése (données non montrées). La variabilité individuelle de la taille des
animaux au cours de leur développement a rendu difficile 1’interprétation des données. Une

optimisation du protocole expérimental est donc necesssaire pour ce type de travaux.

En conclusion, ce travail a permis de développer une méthode simple et rapide,
dénommeée ZO test, pour identifier in vivo, par utilisation de la larve de poisson zeébre, des
facteurs qui peuvent augmenter ou diminuer la taille de I’adipocyte blanc et ainsi moduler le
niveau d’adiposité. Ce test mis en ceuvre chez un vertébré modele permet d’identifier des
molécules qui ciblent le fonctionnement du TAB et d’étudier les mécanismes sous-jacents a
un effet obésogeéne ou anti-obésogene. Nous avons par exemple clarifi¢ le mécanisme d’action
du TBT qui agit sur le TAB du poisson zebre via les RNs RXR et LXR et non pas via les
isoformes PPARY/5.
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ABSTRACT

An unbalanced diet and / or the presence of exogenous compounds contaminants may alter
endocrine signaling and lipid homeostasis and induce obesity. The work done in this thesis
have, at first, developed a simple and rapid method, called "zebrafish obesogenic (ZO) test" to
identify in vivo by using the zebrafish larva, the factors that may increase or decrease the size
of the white adipocyte and therefore modulate the level of adiposity (Tingaud-Sequeira,
Ouadah, Babin, J. Lipid Res. 52, 1765-1772, 2011). This test helps to identify compounds and
mixtures of obesogenic and anti-obesogenic molecules and provides information relevant to
the risk assessment of their presence but also to elucidate the mechanisms involved. Work in a
second time allowed to answer as to how the action of tributyltin chloride, a powerful
obesogenic contaminant found widely in the environment. This molecule acts in vivo on white
adipocytes in a concentration of the order of nano molar via nuclear receptors LXR and RXR,
and not via the PPARgamma/delta isoforms (Ouadah-Boussouf and Babin, manuscript in

preparation).

Keywords: obesity, white adipose tissue, zebrafish, environmental pollutant, tributyltin,

RXR, LXR, PPARg, obesogenic, anti-obesogenic, model, ZO test.
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1. Energy balance and obesity

1.1. Energy balance and obesity prevalence

The energy balance of an individual is equilibrium between energy input in the form
of food and energy expenditure to maintain structural and operating energy of the body
(Figure 1). In recent years, the energy balance tends to be unbalanced, especially in Western
countries. This is due to an overabundance food and eating foods high in fat and sugars but
low in vitamins, minerals and other micronutrients (Leaf and Weber, 1987). This increase in
caloric intake is correlated with a decrease in energy expenditure associated with physical
inactivity. From a genetic point of view, the primate lineage has evolved over the last million
years in the context of a parcimonious diet. The biological and physiological processes in
place led to the existence of a capacity of food digestion, assimilation and storage of nutrients
largely oversized in order to assume alternate periods of abundance and scarcity of food. Our
species alive today in a different nutritional and behavioral context while its genetic still
dictates physiological processes suitable for capture and storage of energy, particularly in the

form of neutral lipids (fats).

Lipid diets are essential to the development and growth of animals. In 1929,
researchers George and Mildred Burr showed the importance that a minimum amount of fat in
foods to allow survival from the earliest age and harmonious growthing of rats (Burr and
Burr, 1929). Conversely, a diet high in fat is also reflected by the occurrence of a condition
related to overweight and obesity. In the normal state, body fat represents about 20-25% of
body weight in women and 10 to 15% in males (Dardour, 2012). This difference is to be

linked with a higher average muscle mass in males.
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Figure 1. Energy balance and factors involved in its regulation.

Disruption of energy balance can lead to a decrease in body fat, ie the amount of white
adipose tissue (WAT). If the disturbance is in the direction of energy expenditure, the
individual is in a state of loss of weight. Conversely, if the imbalance is in the direction of
deposition of the energy gained, it causes overweighted individuals, even obesity one (Figure
1). Weight loss may be due to adipolysis which is a reduction of the amount of WAT and / or
a decrease in muscle mass of the body. The reduction of body fat may be a consequence of
hypotrophy, that is to say a reduction in the volume of fat cells, or hypoplasia, that is to say a
reduction in the number of fat cells. This weight loss, compared to a weight value considered
ideal, can be defined by a lower limit value of the body mass index (BMI) (see below). In
contrast, overweight and its extreme situation, obesity, correspond to an excessive
accumulation of body fat (De Saint Pol, 2007; World Health Organization (WHO), 2012).
The etiology of such a situation is difficult to define because of complex interrelations
between genetic and environmental factors (Han ef al., 2011). The accumulation of fat can be
achieved by an enlarged WAT, i.e. an increase in fat cell size, or more precisely the size of
lipid droplets contained in adipocytes. This accumulation may be the result of a concomitant
hypertrophy associated or not with hyperplasia which corresponds to an increase in the
number of white adipose cells. In both cases, the result is an increase in adiposity by storing
excess energy in the form of triacylglycerols (TAG) in lipid droplets of adipocytes (Ducharme
and Bickel, 2008).
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The percentage of individuals classified as obese has increased on a regular basis in
developed countries and emerging countries during recent decades. More than 1.5 billion
people in the world suffer from overweight, including more than 200 million men and 300
million women are considered obese (2008 estimate) (WHO, 2012; Nguyen and Lau, 2012).
The frequency of overweight and obesity has tripled in many European countries since the
1980s. For example, the National Institute of Statistics and Economic Studies (INSEE)
(September 2010) lists in France, 38.5% of overweight individuals and about 11.5% in a state
of obesity. In United States, the figures reported are impressive: more than 60% of the
population is overweight and 34% are obese individuals (Figure 2). People who suffer from
obesity in the United States are twice the world average and 10 times the rate in South Korea

or Japan.

Recent estimates performed in children indicate that the "epidemic" of obesity seen
today is far from being mastered and that this process is being extended in the coming years.
For example, the predicted percentage of American adults will be overweight by 2020 is
about 86% (Flegal et al., 2010). At the global level, more than 40 million children under five
are overweight (2010 estimate) (Nguyen and Lau, 2012). A study published in 2009,
conducted on 2 385 adolescents aged between 11 and 18 years in the region Aquitaine
(France), showed that 13.6% of children were overweight and even obese (11.7% overweight
and 1.9% obese) with a high proportion observed were boys compared to girls (Thibault et al.,
2009). In the same context, another study conducted in 2009-2010 in the United States
showed that the prevalence of obesity in children and adolescents between 2 and 19 years was
about 16.9% (Ogden et al., 2012). There is an additional factor of concern. Until recently,
overweight and obesity were considered a problem of developed countries, but recent
epidemiological studies in some developing countries have shown a dramatic increase in
childhood obesity. Nearly 8 million children are overweight in high-income countries and

almost 35 million in low-and middle-income (WHO, 2012).

131



B Over weight in %
70 . Obesity in %

60
50 Figure 2. Comparison of the percentage
of overweight and obesity observed in
40 France and the United States for the year
2010 (source: INSEE, September 2010).
30
20
10
0

France USA

WHO recognizes obesity as a major public health problem (WHO, 2000). Obesity is
an established risk factor for several chronic diseases (Eckel and Krauss, 1998; Murphy et al.,
2000), because it is accompanied, in particular, by a change in the activity of white
adipocytes. For example, it has been shown that the rate of lipoprotein lipase (LPL) increases
with increasing the size of fat cells (Farnier et al., 2003). Similarly, adipocyte secretory
functions are modified with a higher adiposity. One can for example observe an increase in
the secretion of most adipokines, such as leptin, IL-6, TNFa and decreased plasma
adiponectin in obese individuals (Boucher et al., 2005). These changes may induce, directly
or indirectly, the appearance of other associated diseases such as cardiovascular disease, non-
insulin-dependent type 2 diabetes, whose frequency is three times higher in obese subjects,
and hypertension (Nguyen and Lau, 2012) and even some cancers, e.g. colon cancer in men
and breast cancer in women (Murphy et al., 2000). The set of metabolic diseases associated

with obesity is grouped under the term metabolic syndrome.
1.2. Body mass index and measures of adiposity

Measure the body fatness of an individual and therefore the level of adiposity can be
evaluated by using anthropometric estimators. The first approach is to determine overweight
by transfer to an ideal weight using the ratio between the weight of the individual and his size
and framing this report based on additional criteria such as gender or ethnicity. The second

approach is purely mathematical and is based on the use of mathematical formulas as shown

in Table 1.
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Table 1. The main formulas used to calculate the ideal body weight
(after De Saint Pol, 2007).

Broca formula: IW (kg) =T (cm) - 100

Lorentz formula TW male (kg)=T (cm) - 100 - M

T(em)-150

245

IW female (kg) =T (em)- 100 -

Devine formula IW male (kg) =50 (kg)+ 2.3 x [ T (pouces)— 60 ]

TW female (kg)=45.5 (kg)+ 2.3 x [ T (pouceg) — 60 ]

Perrault formula IW (kg) =T (cm)— 100 +w x0.9

Creff formula
Nommalmorphology  ITW (kg) =T (cm ) — 100 +nge(13%‘s) x 0,9
Broadmorphology  TW (kg) =T (em) — 100 y_agefyears) 0oy
) 10

Gracilemorphology  TW (kg) =T (em) — 100 +_age(years) ¢09x09
) 10

Monnerot-Dum aine formula

T(cm)— 100 + 4 x Wrist circumference(cm)
s

W (kg) =

Bornhardt formula
T (cm) x Chest size(cm)
240

IW (kg)=

IW: Ideal Weight, S: Size

The estimator most commonly used to assess the level of adiposity is BMI. From a
clinical point of view, the underweight, overweight and obesity are defined by limiting values
of BMI, which is a simple measure of body weight contribution to the size of the individual.
BMI is defined as the ratio of body weight to the square of the height in kg / m? (Keys et al.,
1972). There are other anthropometric techniques to measure the body fatness as the lap size
or circumference and skinfold thickness. The latter technique relies on the fact that the skin

folds represent nearly half the fat body (De Saint Pol, 2007).

Despite its appeal, the BMI has drawbacks because this index does not take into
account the shape of the individual or history of its body weight change. Moreover, it reflects
not only fat mass as in the case of athletes who have very important muscle mass. Despite
these limitations, some studies have shown a strong correlation between BMI and fat mass
(Micozzi et al., 1986; Leonhardt et al., 1987). Table 2 shows the BMI threshold values used
by the WHO. Based on these thresholds, we can distinguish those underweight with a BMI
below 18.5. People who have a BMI between 18.5 and 24.9 are considered in a normal
situation, pre-obese with a BMI between 25 and 29.9. From 30 kg / m?, three classes of

obesity were defined according to the increasing value of BMI (Table 2).
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Table 2. The threshold BMI values used by the WHO

[Weight situation BMI (Kg/m?)
M alnutrition <18.,5
(ClassT or underweight 17.0- 184
Class I 16.0-16.9
Class ITT 13,0-15.9
Class TV 10.0-12.9
Class V < 10.0)
[Reference values 18,5-24.9
Overweight 25,0-29.9
Obesity =30
ClassT 30.0- 34,9
ClassIT 35.0-39.9
Class TTT =40

Another way to define obesity is using percentiles. This method is recommended
especially for children. It is to observe the distribution of BMI or weight of the entire
population, and therefore to determine the position of the weight of an individual by
comparison to a reference population. When the weight of an individual is near the 50th
percentile (median), this means that it is close to the average of the individuals in the
population. Instead a weight close to the 10th percentile, the individual is considered
underweight. The threshold for overweight situation is close to the 85th percentile of the

population, while obesity is at the 95th percentile (De Saint Pol, 2007).

Other non-anthropometric methods can be used to estimate the level of adiposity. The
bioelectrical impedance may calculate body fat by measuring the electrical conductivity of the
tissue. A second method may be implemented, the hydrodensitometry, which is to calculate
the body fat from the density of the individual obtained after emerging in water. Another
approach is based on biphotonic absorption with X?-ray, and the body is scanned with X-rays
at two energy levels. Data processing report attenuations of the two energy levels can
distinguish and measure body fat and lean body mass and bone mineral content of the whole
body (De Saint Pol, 2007). The limitation of this method is its difficult implementation
because of the size of devices for people with severe obesity, as well as the cost of such

measurces.

1.3. White adipose tissue

1.3.1. Cell types of white adipose tissue.
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The WAT is able of massive expansion or rather a drastic reduction in size depending

on the level of energy stored as lipid droplets in adipocytes. This remarkable plasticity is also

illustrated by its ability to regenerate after surgery. This tissue may vary from 5% of body

weight for athletes up to 60% in the case of extreme obesity (Cawthorn et al., 2012). In

vertebrates, the WAT is composed of a number of characteristic cell types (Figure 3). This

tissue is made up mostly of adipocytes. Cell types typically observed in mammals are present

in zebrafish WAT (Figure 4) (Tingaud-Sequeira et al., 2012). In some vertebrates, such as

teleost fish, the perivisceral WAT can be infiltrated by pancreatic islets, which is not the case

in other body WAT locations of this animal (Tingaud-Sequeira ef al., 2012).

Blood
Fibroblast vessel

1.3.2. The white adipocyte.

~— Extracellular matrix

Adipocyte

Figure 3. Structure and cell types of WAT.
Adipocytes are the main components of
WAT. They are important for energy storage
and endocrine activity. Other cell types are
preadipocytes, immune cells, endothelial
cells, fibroblasts and blood cells (from Ouchi
etal., 2011).

Figure 4. Histological section of perivisceral
WAT of a female adult zebrafish. The WAT
consists mainly of large unilocular adipocytes
(a) linked by a loose and fibrous connective
tissue and penetrated by blood capillaries (c).
Each adipocyte has a thin strip of peripheral
cytoplasm (cy) and a nucleus (n). The
possible presence of infiltrated pancreatic
islets is indicated by white asterisks. Other
abbreviations: pc, cell pigmented rbc, red
blood cell. Scale bar = 40 um (after Tingaud-
Sequeira et al., 2012).

The differentiated white adipocyte is present as a spherical unilocular cell in adipose

tissue (Figure 5). Its cytoplasm is entirely occupied by a huge lipid droplet, the nucleus of the
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cell being rejected periphery against the plasma membrane. The adipocyte is specialized in
the storage of fatty acids in the lipid droplet mainly as TAG. These molecules represent about
85% of WAT mass, whilst water and solids-non-fat in are respectively 10 and 5%. These
TAG are mostly synthesized in WAT by lipogenesis from fatty acids taken up from the
bloodstream. The dynamics of the lipid droplet is achieved by the concomitant presence of an

intra adipocyte lipolysis activity.

Lipid droplet
Mitochondria
Cytoplasm

Nucleus

Figure 5. Diagram of a unilocular white adipocyte (after Zhang et al., 2012).

Numerous studies have shown a correlation between dietary fat intake, the degree of
lipid storage in adipose tissue and weight gain (Tchoukalova et al., 2010). Renewal of fatty
acids in adipose tissue is very slow. For example, in human adults with normal and stable
body weight, lipid turnover time is approximately 600 days, whereas the life of an adipocyte
is to approximately 10 years (Arner ef al., 2011). Recently, it was shown the existence of an
adipose tissue more beige in addition to white and brown adipose caracterized in rodents and
humans (Wu et al., 2012). Brown adipose tissue is specialized in B-oxidation of fatty acids for
thermogenesis. "Beige" fat cells are present in UCP1-positive WAT cells and come from a

non myf-5 cell lineage, in contrast to the brown adipose tissue (Wu et al., 2012).

1.3.3. Secretory activity of adipose tissue.

WAT plays a major role in lipid homeostasis due to its storage and release of fatty
acids from endogenous or food sources. Over the last twenty years, WAT has proved to be a
major site for the synthesis of molecules with important biological roles, particularly in the
control of energy balance. For example, the mature adipocytes synthesize and release leptin
into the bloodstream. This hormone plays a critical role in energy balance by controlling food
intake at the central nervous system and insulin resistance. The endocrine function of the
WAT is also revealed by the synthesis of other regulatory proteins such as angiotensinogen,
adiponectin, acylation stimulating protein (ASP), adipsin, the retinol binding protein (RBP),

the tumor necrosis factor o (TNF), interleukin 6 (IL-6), and the plasminogen activator
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inhibitor-1 (PAI-1) (Figure 6). Some of these proteins are inflammatory cytokines and others
play a role in lipid metabolism. The specific effects of these proteins may be endocrine or
paracrine (Trayhurn and Beattie, 2001). Obesity induces a change in the secretion of
adipokines and increased WAT infiltration by macrophages and therefore inflammation of the
tissue, as well as insulin resistance in peripheral tissues such as the liver and muscles (Galic et
al.,2010). Absence of WAT can have profound consequences, as in the case of lipodystrophic
patients. They show severe cases of diabetes mellitus, which requires administration of leptin
and / or thiazolidinediones (Javor et al., 2005). Adipocytes exert pleiotropic actions through

the production of numerous factors acting in autocrine, paracrine or endocrine pathways.

LPL

Leptin
Adipsine, ASP

TNFa, TGFp, Interleukin9

White Angiotensinogen
Fatty acids — adipose - CETP, Apolipoprotein E
tissu PAI-1, Retinol binding protein

Adiponectin
FIAF, Metallothionein

/ Resistin
Cholesterol

Steroid hormones |

Figure 6. Some of the proteins secreted by WAT. ASP, acylation stimulating protein, CETP,
cholesteryl ester transfer protein, FIAF, fasting induced adipose factor, LPL, lipoprotein
lipase; PAI-1, plasminogen activator inhibitor-1, TGF, transforming growth factor beta, TNF,
tumor necrosis factor alpha.

1.2.4. Adipogenesis.
1.2.4.1. The adipocyte development and differentiation.

WAT development is initiated during embryonic and fetal development. In humans,
the number of adipocytes increases until the age of about 15 years and this hyperplasia is
particularly important during the first few years of life. It is therefore important to ensure
children's diets through adolescence to avoid preparing a fertile ground for adult obesity.

After 15 years, we have thus usually a fixed number of adipocytes. In case of weight gain,
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there will be mainly an increase of lipid storage in lipid droplets without the need to increase
the number of adipocytes. This phase of hypertrophy can increase on average by a factor of 8
the size of the cell, which can multiply in extreme cases its size by 50. If hypertrophy is not
sufficient and fat intake exceeds the storage capacity, a phase of hyperplasia is then
implemented from stem cells resident in the stroma vascular fraction of this tissue (Bean et
al., 1998). The recruitment process can be implemented, especially in the case of obesity. Due
to the fast dynamics of WAT lipogenesis and lipolysis, associated with a lifespan of about 10
years of adipocytes (Arner et al., 2011), a low calorie diet will result in a drain of cells
without major alteration in the number of fat cells. Any subsequent energy balance oriented to

storage will lead to a rapid recovery of body weight.

1.2.4.1.1. Adipocyte determination.

As for bone and muscle derivatives, the WAT is of mesodermal origin. The
adipogenesis is the result of a determination, during embryonic development, of stem cells to
the adipocyte lineage and their subsequent differentiation. Some of these mesenchymal stem
cells will spare their entire lifetime within the WAT. Stem cells can differentiate into several
types of multipotent stem cells such as myoblasts, osteoblasts and adipoblasts, and this is
done under the control of various cellular and molecular events (Figure 7) (Gesta et al., 2007).
The latter two cell types may have an inverse or reciprocal relationship (Nuttall and Gimble,
2012). Factors that influence the direction of stem cells to adipoblasts are not yet well known.
Activation of the Wnt signaling pathway in mesenchymal stem cells was initially involved in
the inhibition of adipocyte determination in favor of the myogenic and osteoblast
determination (Ross et al., 2000; Gesta et al., 2007, Tang and Lane, 2012). This pathway
seems to involve two levels: as an activator for the early specification of adipoblasts, then
later as an inhibitor of adipocyte differentiation (Ross et al., 2000; Tang and Lane, 2012). In
addition, exposure of mesenchymal multipotent cells to bone morphogenic protein 4 (BMP-4)

commits these cells to the adipocyte lineage (Tang et al., 2012).

1.2.4.1.2. Adipocyte differentiation.

The process of adipocyte differentiation is a complex process, characterized by the
ordered expression of certain genes and specific factors. Most information has been obtained
by in vitro studies in cell cultures. The process of adipocyte differentiation is the passage of

an adipoblaste to a preadipocyte and then to a mature adipocyte. Morphologically, there is no
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difference between adipoblasts and preadipocytes, the only difference being the expression of
some early markers of differentiation of preadipocytes (Figure 7). It has been shown that

these cells secrete factors involved in their differentiation (Ailhaud, 2006).

Preadipocytes then undergo mitotic clonal expansion or confluent position to engage
then permanently in adipocyte differentiation. This process is accompanied by molecular,
cellular and morphological changes of these cells. Indeed, after acquiring all of their
metabolic properties, adipocytes will acquire the ability to store lipids, initially in small lipid
droplets, which then arrive at confluence to achieve a single lipid vacuole in their cytoplasm

(Gregoire et al., 1998; Tang et al., 2012).

1.2.4.1.2.1. Control of adipocyte differentiation.

Morphological and cellular changes that accompany adipocyte differentiation are the
result of changes in gene expression. This molecular programming is influenced by pro-or
anti-adipogenic transcription and hormonal factors. In the following sections, we will discuss

some of the most important factors.

1.2.4.1.2.2. The transcription factors.

Transcriptional coordination of adipocyte differentiation is mainly performed by three
types of factors: C / EBPs (CCAAT-enhancer binding protein) or proteins binding to CCAAT
element, the three members of this family (c, B, and y) are expressed at different times of
adipogenesis, in particular in the triggering of the terminal maturation. The C/EBPa is
induced later and will allow the transactivation of genes such as leptin, aP2 (fatty acid-
binding protein 4, FABP4), peroxisome proliferator-activated receptor y (PPARYy) and himself
(Rosen et al., 2000). The transcription factor SREBP-1c is also known as promoting
adipocyte differentiation, and it will encourage the expression of PPARy (Figure 7). Factors
like PPARs which belong to the family of nuclear receptors (NRs) will be detailed in Part 2 of
Chapter 1. Each of the three members of the PPARs, a, B/6 and vy, is encoded by a different
gene whose expression is relatively tissue specific. PPAR y is known as a key gene of
adipogenesis (Janesick and Blumberg, 2011), and is preferentially expressed in adipose tissue
and plays an important role in the final differentiation and maturation of adipocytes. This
factor transactivates many genes markers of adipocyte differentiation such as LPL or the gene
that codes for FABP4 to store fatty acids in the form of TAG in lipid droplets (Rosen et al.,

2000).
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Figure 7. Diagram showing the cascade of events and molecular players involved in and
adipocyte determination and differentiation. RA: retinoic acid, C/ BP: CAAT/enhancer
binding protein; RAR: RA receptor, MAPK: mitogen-activated protein kinase, GSK-3:
glycogen synthase kinase-3; ADDI: adipose differentiation and determination factor 1,
SREBPIlc: sterol regulatory binding protein lc, PPARy: peroxisome proliferator activated
receptor-y, RXR: retinoic-X-receptor; aP2: fatty acid-binding protein, LPL: lipoprotein lipase
ACS: acyl-CoA synthetase (after Gregoire et al., 1998; Tang et al., 2012).
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1.2.4.1.2.3. Hormonal factors.

The hormone best known for upregulating adipogenesis is insulin. Indeed, it is
necessary for the in vitro differentiation of murine adipocyte cell lines 3T3-L1 and 3T3-
F442A. Insulin significantly increases the number of adipocytes and lipid accumulation
(Girard et al., 1994). It will activate the insulin growth Factor 1 (IGF-1), at the level of pre-
adipocytes. Activation of this receptor triggers clonal expansion via activation of the PI-3K
pathway required for adipocyte differentiation (Sakaue et al., 1998; Serrero and Xia 1999).
Fatty acids are also known to induce adipocyte differentiation. From the diet or lipolysis,
some fatty acids act positively on adipocytes by regulating the expression of many genes in
adipocyte activation of certain nuclear receptors such as PPARs or RXRs (Forman et al.,
1997). There are other pro-adipogenic factors such as growth hormone, glucocorticoids,

thyroid hormone T3 and "leukemia inhibitory factor”.

There is also a negative regulation of adipocyte differentiation. Inflammatory
cytokines have also been described as anti-adipogenic factors such as IL-1, IL-6, TNFa and
interferon y and PB. Growth factors inhibit this differentiation such as EGF, TGFa or
myostatin. Pref-1, a protein expressed only in pre-adipocytes, has been described as anti-
adipogenic. It has been shown that the soluble form can inhibit differentiation, or at the

opposite its inhibition can induce adipogenesis (Smas et al., 1999).

1.2.5. Lipogenesis and lipolysis.

1.2.5.1. Some notions on lipids.

1.2.5.1.1. Apolar and polar lipids.

Lipids are a family of organic molecules very heterogeneous. These are generally
water-insoluble molecules and soluble in organic solvents, such as ether, chloroform, acetone,
methanol or benzene. They can for most of them to be used as a source of energy by living

organisms and hydrolysable lipids have fatty acids as main constituents.

Apolar lipids (neutral)
TAG are the main class of neutral lipids, and are constituted by a molecule of glycerol

esterified with three fatty acid molecules (Figure 8).
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Figure 8. Diagram of a TAG.

Waxes represent the second largest class quantitatively of neutral lipids. It is
composed of esters of a fatty acid esterified with a fatty alcohol. These molecules are present

in marine zooplankton and body and eggs of certain fish zooplanktivorous (eels, capelin ...)

Polar lipids

Polar lipids quantitatively the most important in cells are the glycerophospholipids.
They consist of a phosphatidic acid esterified with a polar head which determines the nature
of glycerophospholipid (Figure 9). They are mainly integrated into biological membranes.
The fluidity of these membranes is determined to a large extent by the degree of unsaturation
of the constituent fatty acids of these phospholipids. Sphingolipids are a further category of
phospholipids in which the skeleton is constituted by a long chain carbon amine alcohol,

sphingosine.

Fatty acid

Fatty acid

Glycerol

PO, Alcohol

Figure 9. Diagram of a glycerophospholipid.
Non-hydrolysable lipids

Cholesterol is most common non-hydrolysable lipid among vertebrates. It is present as
such in the cell membranes or may be present in the form of cholesteryl-ester in the cytoplasm

of cells and then stored with other apolar lipids.
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1.2.5.1.2. Fatty acids.

Fatty acids are the basic constituents of hydrolyzable lipid compounds. They have a
methyl group CH3 at one end of hydrocarbon chain and a carboxyl group COOH at the other
end (Figure 10). Fatty acids are defined by their number of carbon atoms, degree of
unsaturation, i.e. the number of double bond, and the position of these double bonds along the

chain.

RN NN NN N\coon Saturated FA
RN\ NN=—""\"\N\cooH Mono-unsaturated FA

R/N\="\="NN\coon Polyunsaturated FA

Figure 10. Different types of non-ramified fatty acids.

Saturated fatty acids: These are fatty acids that contain no double bond. For example, C14:0

fatty acid refers to 14 carbon chain atoms and no double bond, thus saturated.

The mono-unsaturated fatty acids: These are fatty acids that have a single double bond. For
example, the C18:1 n-9 (09) means a fatty acid with 18 carbon atoms chain and a double

bond located on the ninth carbon starting from the methyl end of the carbon chain.

The polyunsaturated fatty acids: These are with multiple double bonds. For example, C22:6
n-3 (®3) fatty acid refers to a 22 carbon atoms chain and 6 double bonds with the first being

located on the third carbon atom, starting from the methyl end.

1.2.5.2. Lipogenesis.

The synthesis of lipids and in particular TAG in the adipocyte occurs in two ways 1)

from the uptake of circulating fatty acids, 2) de novo lipogenesis from acetyl-CoA.

1.2.5.2.1. Fatty acids from extracellular origin.

The fatty acids can be provided to the adipocyte from two sources. Those linked to
serum albumin and those esterified in hydrolysable lipids and incorporated into circulating

lipoproteins. These fatty acids can be from endogenous or exogenous origin, the later beeing
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from foodborne and absorbed from the small intestine (Babin and Gibbons, 2009). Processes
associated with the transfer of fatty acids from the intestinal lumen, into intestinal cells, and
later into the circulatory system are difficult to study in vivo. Recent work by using the
zebrafish model enabled to view this transfer by using fatty acids coupled to fluorescent
Bodipy (Walters et al., 2012, Babin et al., unpublished). Fatty acids are mainly transported as
TAG and incorporated into lipoproteins (chylomicrons, VLDL) by enterocytes or hepatocytes
and released into the circulatory system. These lipoproteins undergo the action of LPL at the
vascular endothelium surface and fatty acids are released and picked up by the adipocytes via
specific plasma membrane carriers (e.g. CD36). Their conversion into acyl-CoA is the

starting point of their esterification as TAG, phospholipids or cholesteryl esters (Figure 11).

1.2.5.2.2. De novo lipogenesis.

De novo lipogenesis in adipocytes allows the synthesis of fatty acid from the
metabolism of extracellular glucose (Figure 11). The entry of glucose into the adipocyte is
through specific transporters, GLUT-1 and GLUT-4 (Mueckler, 1990). Once in the cell,
glucose is degraded to pyruvate by the process of glycolysis. Following this step, acetyl-CoA
carboxylase (ACC) and fatty acid synthase (FAS) activities occurred successively to catalyze
the formation of saturated fatty acids from acetyl-CoA. The action of various desaturases
allows the synthesis of fatty acids more or less desaturated. The fatty acids are then esterified
in the adipocyte through glycerol-3-phosphate pathway to yield TAG. De novo lipogenesis is
mainly made in the liver of the human species. This pathway is enhanced in adipocytes after
feeding a diet rich in carbohydrates (Letexier et al., 2003).

Insulin controls lipogenesis at different stages. Under its action, the carrier GLUT-4
will be translocated to the membrane of adipocytes, which allows the entry of glucose into the
cell. Insulin also has a positive effect on certain enzymes that control the biosynthesis of fatty

acids from acetate.
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Figure 11. Lipid metabolism in white adipocytes. Lipogenesis and lipolysis coexist in the cell
and ae linked to lipid deposition or mobilization. The adipocyte is sensitive to changes in
nutritional indices, such as blood levels of insulin. This hormone stimulates glucose uptake
and lipogenesis and inhibits lipolysis. This lipolysis is controlled by B-adrenergic regulation.
AC, adenylate cyclase ACS, acyl-CoA synthase AKT AKR mouse thymoma viral proto-
oncogene, AR, adrenergic receptor; HSL, hormone sensitive lipase, IR, insulin receptor;
PI3K, phosphatidylinositol 3 kinase, PKA, protein kinase A (after Sethi and Vidal-Puig,
2007).

1.2.5.3. Lipolysis.

Lipolysis allows the hydrolysis of TAG stored in the lipid droplet (Figure 11). This
pathway originates after activation of B-adrenergic receptor type and accomplished by a
hormone dependent lipase activity which allows degradation of TAG in nonesterified fatty
acids and glycerol (Osuga et al., 2000; Zimmermann et al., 2004, Jenkins et al., 2004). Once
produced by the adipocyte, fatty acids are released into the bloodstream after extracellular
binding to serum albumin or undergo intra cellular B-oxidation or reesterified to TAG. By
controlling the phosphorylation of protein kinase A, intracellular cAMP pool is the main
regulator of lipolysis. The lipolytic activity of adipocytes depends on intracellular cAMP
whose production is stimulated by small protein coupled receptors but inhibited by Gs-

coupled receptors for small protein Gi. Insulin is a potent inhibitor of lipolysis and its action
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goes through the reduction of intracellular cAMP concentration via the phosphatidylinositol-3

kinase and protein kinase B (Kitamura ef al., 1999).
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Figure 12. Control of human adipocyte lipolysis. Signal transduction pathways for
catecholamines via adrenoceptor (AR), natriuretic peptides via type A receptor, insulin and
other antilipolytic agents (prostaglandins E2 via EP3 receptors, adenosine via Al receptors,
nicotinic acid via HM74A and NPY/PYY via Y1 receptors) are described. Proteins
phosphorylated by protein kinases (PKA, protein kinase A; PKB, protein kinase B; PKG,
protein kinase G; AMPK, AMP-activated protein kinase) are shown in blue. Hormone-
sensitive lipase (HSL) phosphorylation may promote its translocation from the cytosol to the
surface of the lipid droplet. Perilipin phosphorylation may induce an important physical
alteration of the droplet surface that facilitates the action of HSL and lipolysis. Docking of
adipocyte lipid binding protein (ALBP) to HSL favors the evacuation of fatty acids (FA)
released by the hydrolysis of triglycerides. Question marks show pathways which are still
hypothetical or the relevance of which has not been fully demonstrated. AC, adenylyl cyclase;
ATGL, adipocyte triglyceride lipase; GC, guanylyl cyclase; Gi, inhibitory GTP-binding
protein; Gs, stimulatory GTP-binding protein; IRS, insulin receptor substrate; FFA, free fatty
acid, MGL, monoglyceride lipase; PDE-3B, phosphodiesterase 3B; PI3-K,
phosphatidylinositol-3-phosphate kinase.

Part of the work within this thesis has been to characterize the biological processes
involved in the dynamics of WAT in vivo after exposure to chemical pollutants or
pharmacological molecules in zebrafish. Some of these molecules may act via NRs and are
considered as endocrine disruptors. We will therefore define in Parts 2 and 3 of Chapter I the

main features of NRs and discuss some endocrine disruptors found in our chemical
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environment that may have an effect on biological systems through these NRs.

2. Nuclear receptors

The endocrine pathway is one of the way used by cells to communicate remotely.
Endocrine cell sends a message in the form of a hormone that will take the circulatory system
either freely or bound to a carrier protein. This hormone leaves the circulation to reach the
target cell and binds to a specific receptor that allows targeted action of the hormone (Figure
13). There are two types of hormone receptors: the transmembrane receptors and intracellular

receptors.

Endocrine cell Target cell

Transmembrane

receptor
: Nuclear
{ receptor
Transport
protein
Endocrine cell

Target cell

Figure 13. Diagram of endocrine signaling.

NRs are intracellular receptors located primarily in the cell nucleus. They are able to
directly regulate the transcriptional activity of target genes via an interaction with specific
regulatory elements in the vicinity of these genes. These receptors are widespread in the
animal kingdom, including invertebrates and seem to have appeared at the base of metazoan
evolution (Escriva et al., 1997). They function as transcription factors activated by the
binding of small lipophilic molecules, such as hormones or metabolites including e.g. fatty
acids, oxysterols and xenobiotics. The hydrophobic nature of these ligands allows them to
easily cross cell membranes. These receptors are involved in the regulation of a broad

spectrum of physiological phenomena (Gronemeyer et al., 2004; Chambon, 2005).

Biochemical characterization of NRs began in the 60s by the ability of certain cell
types to bind estradiol with high affinity, this binding then modifying their cellular activity
(Jensen and Khan, 2004; Germain et al., 2006). The human glucocorticoid receptor (GR,

NR3C1) was one of the first NR cloned by R. Evans and his colleagues and during the same
147



period estrogen receptor (ER) was cloned by the laboratories of P. Chambon and G. Greene
(Germain et al., 2006). The cloning of these NRs showed a strong structural homology
between their deduced proteins and has been grouped in the superfamily of NRs. This
superfamily is now recognized as one containing the largest number of members among the
families of eukaryotic transcription factors (Mangelsdorf and Evans, 1995). In mammals,
humans included, this superfamily includes more than forty members (Robinson-Rechavi et
al., 2001; Robinson-Rechavi et al., 2003, Zhang et al., 2004). In recent decades, research on
these transcription factors has been extremely active since these proteins are potent regulators

of gene expression and are major pharmacological targets.

2.1. Classification of nuclear receptors.

There are several methods of classifying NRs: according to their homology, their
mode of operation or function of the nature of the ligand (steroid receptors, nonsteroidal
receptors, orphan receptors). However, in the 2000s, the classification of NRs was redesigned
in terms of structural homology. They have been grouped into 7 families defined according to
phylogenetic data (Table 3) (Laudet, 1997; Nuclear Receptors Nomenclature Committee,
1999; Giguere, 1999). The most diverse family within the superfamily is the family NRI,
which includes thyroid hormone receptors (TR), RARs (Retinoic Acid Receptor), PPARs and
LXRs (Liver X Receptor). All steroid receptors (androgen, estrogen, progesterone and
corticosteroids) are grouped in the NR3 family of receptors, whereas RXRs (Retinoid X
receptors) are part of the NR2 family. It should be noted that the seventh category of nuclear
receptors has been defined, NRO receptors comprising two members, NROB1 (DAX1) and
NROB2 (Small Heterodimer Partner) which each have a single conserved C and E domains

(Laudet, 1997 Nuclear Receptors Nomenclature Committee, 1999; Giguere, 1999).

Table 3. Nomenclature and classification of human NRs according to their structural
homology. This classification of NRs, proposed by the Nuclear Receptor Nomenclature
Committee, is based on the analysis of sequence homologies of C, D and E domains. There
are 48 NRs in humans classified into seven families, NRO to NR6 (after Laudet, 1997;
Nuclear Receptors Nomenclature Committee, 1999; Giguere, 1999).

Famille | Groupe | Membre | Acronyme Nom

NRIA1 | TRa Thyroid hormone Receptor alpha
NRI1A2 | TR Thyroid hormone Receptor beta

NRI1 A
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NRIB1 | RARa Retinoic Acid Receptor alpha

NRI1B2 | RARP Retinoic Acid Receptor beta

NRIB3 | RARy Retinoic Acid Receptor gamma

NRIC1 | PPARa Peroxisome-Proliferator-Activated Receptor alpha

NRI1C2 | PPARP/S Peroxisome-Proliferator-Activated Receptor beta

NRIC3 | PPARy Peroxisome-Proliferator-Activated Receptor gamma

NRID1 | Rev-ErbAa | Reverse ErbA alpha

NR1D2 | Rev-ErbAB | Reverse ErbA beta

NRIF1 | RORa RAR-related Orphan Receptor alpha

NRI1F2 | RORp RAR-related Orphan Receptor beta

NRI1F3 | RORy RAR-related Orphan Receptor gamma

NR1H2 | LXRp Liver X Receptor beta

NRIH3 | LXRa Liver X Receptor alpha

NR1H4 | FXR Farnesoid X Receptor

NRI1I1 | VDR Vitamin D Receptor

NRI1I2 | PXR Pregnane X Receptor

NRII3 | CAR Constitutive Androstane Receptor

NR2A1 | HNF4a Hepatocyte Nuclear Factor 4alpha

NR2A2 | HNF4p Hepatocyte Nuclear Factor 4beta

NR2B1 | RXRa Retinoid X Receptor alpha

NR2B2 | RXRp Retinoid X Receptor beta

NR2B3 | RXRy Retinoid X Receptor gamma

NR2C1 | TR2 Testicular Receptor 2

NR2 NR2C2 | TR4 Testicular Receptor 4

NR2E1 | TLX drosophila Tailless homologue

NR2E3 | PNR Photoreceptor-specific Nuclear Receptor

NROF1 | COUP-TFI Chicken Ovalbumin ~ Upstream  Promoter-
Transcription Factor I

NROF2 | COUP-TFII Chicken Ovalbumin Upstream Promoter-
Transcription Factor II

NR2F6 | EAR-2 ErbA2-Related gene-2

NR3A1 | Era Estrogen Receptor alpha

NR3 NR3A2 | Erf Estrogen Receptor beta
NR3B1 | ERRa Estrogen receptor-Related Receptor alpha
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NR3B2 | ERRp Estrogen receptor-Related Receptor beta
NR3B3 | ERRy Estrogen receptor-Related Receptor gamma
NR3Cl1 | GR Glucocorticoid Receptor
NR3C2 | MR Mineralocorticoid Receptor
NR3C3 | PR Progesterone Receptor
NR3C4 | AR Progesterone Receptor
NR4A1 | NGFIB Nerve Growth Factor-Induced factor B
NR4 NR4A2 | NURRI NUR Related factor 1
NR4A3 | NORI1 Neuron-derived Orphan Receptor 1
NRS5AT1 | SF1 Steroidogenic Factor 1
NRS5
NR5A2 | LRH-1 Liver Receptor Homologous protein 1
NR6 NR6A1 | GCNF Germ Cell Nuclear Factor
NROBI | DAXI Dosage-sensitive sex reversal, Adrenal hypoplasia
NRO critical region on X chromosome gene 1
NROB2 | SHP Small Heterodimer Partner

NRs can also be classified according to their mode of dimerization and the structure of

their DNA binding domain. This domain consists of the repetition of a sequence that binds to

DNA, separated by a variable number of nucleotides. Four classes of NRs have been made

(Figure 14). The first class includes steroid hormone receptors (glucocorticoid receptor (GR),

androgen (AR), ER, mineralocorticoid (MR) and progesterone (PR)) and binds to DNA as a

homodimer. The second class consists of receptors that form heterodimers with the RXRs

(receptor 9-cis retinoic acid), and binds to the direct repeats of DNA sequences. Class III and

IV include receptors that differ depending on whether they bind to DNA as homodimers (e.g.

RXR) or as monomers respectively; most orphan receptors belong to these two sub categories

(Olefsky, 2001; Mangelsdorf and Evans, 1995). It should be noted that the dimeric receptors

can bind to the DNA response elements defined as direct repeats (Direct Repeat, DRn),

palindromes (Indirect Repeat, IRn) or inverted palindromes (everted Repeat, ERn).
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Class 1: Steroid receptors Class 2: RXR heterodimers
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Figure 14. Functional organization of NRs. The four classes according to their mode of NR
dimerization and their DNA binding domains (according Olefsky, 2001).

2.2. Structure of nuclear receptors.

NRs have a very similar overall organization and contain different functional domains
marked A to F (Figure 15). Each of these domains has a specific function and shows various

degrees of conservation among members of the superfamily of NRs.

A/B C D E F

N DBD LBD S C
— S -
AF-1 CTE Dimerization AF-2

Figure 15. Structural organization of RNs. These proteins have a structure consisting of areas
(AF) having different functions (based Olefsky, 2001).

Domain A/ B:

This area represents the amino-terminal region and shows a great variability in terms
of size and protein sequence. A study of the human progesterone receptor showed that this
domain has a transcriptional activity. This activity depends on the promoter and cell type
(Vegeto et al., 1993). This suggested that the A/B region of NRs can interact with
coregulators specific to a given cell type. Domain A/B contains a region called AF-1 whose

function is to activate transcription.
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The C domain (DNA binding domain):

This is the binding domain to the DNA (DBD) of NRs for heterodimer, homodimer or
monomer forms. This domain is the most conserved in the superfamily of NRs and consists of
two zinc finger motifs (CI and CII), each composed of a zinc atom chelated by four cysteines
residues. This connection is done on small target DNA sequences "HRE" or Hormone
Response Element. This binding site contains one or two direct repeat (DRn), reversed (IRn)
or everted (ERn) of half sites consensus hexanucleotide separated by a variable number of
nucleotides (between 0 and 7). For example, steroid receptors recognize the consensus

sequence "AGAACA", while ER and some other NRs recognize the sequence "AGGCTA."

Domain D:

This area represents a hinge part in the NR and consists of amino acids linking C and
E/F (ligand binding domain) domains. This area provides some structural flexibility to the
protein. This region can perform various functional configurations and is involved in the

localization of NRs in the nucleus (Ylikomi et al., 1992).

Domain E/F (ligand binding domain (LBD)):

This area is home to several functions including the main ligand binding. The structure
of this domain is characterized by the formation of a hydrophobic pocket in which the
lipophilic nature of ligand can bind. This area does not only contain the ligand binding
domain but also the dimerization between NRs and the transcriptional regulation ligand
dependent. At the C-terminal part of the domain and located on the propeller 12, there is a
region dénomée AF-2. This region is highly conserved between species and is required for
ligand-dependent activation. It also plays an important role in ligand-dependent
transactivation and recruitment of coactivators (Feng et al., 1998). Finally, the most terminal
region named F is not present in all NRs. Its role is not very well known, but appears to have
a role in ER in ligand specificity and influence transcriptional activation (Weatherman et al.,

2001).

2.3. Mode of action of nuclear receptors.

The NRs are very powerful transcription factors. They control the transcription of
target genes by several different mechanisms including the activation and repression of

certain activities. Depending on the location of the NR in the cell in the absence of ligand,
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there are generally two modes of action for NRs (Sonoda et al., 2008). In the first case, we
have inactive cytoplasmic receptors in complex with heat shock proteins (HSP) (Figure 16).
The presence of these HSPs in the inactive complex is essential for specific binding of the
ligand (Chambraud et al., 1990). Ligand binding to the NR hydrophobic cavity, allows the
activation of the latter, and its dissociation from HSP complex. The receptor will then
dimerize as a heterodimer or homodimer and then translocated into the nucleus. Dimer will
bind to the region of the target gene HRE to activate transcription. The nature of the
transcriptional regulation depends on the nature of the homodimer or heterodimer and the

binding of coregulators to the AF-2 sequence of the NR (Nilsson et al. 2001).

p Ligand

Dimerization

Transcriptional
activation

binding

Target gene

Cytoplasm

Figure 16. General mode of action of NRs located in the cytoplasm. Ligand binding causes
the release of NR by the chaperones. NR dimerizes and is translocated into the nucleus to start
the transcription of the target gene (after Chambraud et al., 1990, Nilsson et al., 2001; Sonoda
et al.,2008).

Although this activity model is true for steroid hormone receptors (Pratt and Toft,
1997), the majority of NRs is inside the nucleus after translation. To modulate the
transcription of target genes, the NRs are associated with many coregulators of the
transcriptional machinery, such as coactivators and corepressors (McKenna et al., 1999).
After ligand binding, the repressor complex dissociates from the receptor, and it can then

recruit one or more coactivators. Some coactivators possess ATPase activity, leading to a
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local remodeling of chromatin. Other coactivators possess histone acetyltransferase activity,

allowing derepression of chromatin structure (Narlikar et al., 2002).

In case of presence of a NR without ligand, the compacted chromatin is in a state of
repression due to high histone deacetylation, and no transcription is possible. If the NR 1is
activated by its ligand, unpacked chromatin becomes active with high levels of histone
acetylation and leads to the initiation of transcription. However, the opening of the chromatin
is not sufficient for the activation of transcription and therefore additional interactions
between NRs and machinery will be required for transcriptional control of gene expression
(Figure 17) (Narlikar ef al., 2002, Wong et al., 1997). Genes can also be regulated by NRs via

direct interactions with other transcription factors.

= Inhibition of
\ transcription

Chromatin
Pnl (]
Target gene

Ligands
B

remodeling Desacetylation  T8p)

Response . . ‘ ' '

elements

Condensed
chromatin

Diffusion

Transcription

v :\.\* = ol ti @
Li Is - nromatm >
lg“m .. ... remodeling  Acetylation ‘g’@
Respaonse . ! ‘ ' )

elements

chromatin

Cytoplasm

Figure 17. General mode of action of NRs located inside the nucleus and the mechanism of
corepression and coactivation of transcription. In the absence of ligand, NRs are associated
with corepressor complexes, recruiting proteins with histone deacetylase activity. Histone
deacetylation leads to chromatin compaction, leading to transcriptional repression. Ligand
binding causes release of corepressors, recruitment of coactivators and decompaction of
chromatin, allowing transcriptional activation (after Narlikar et al., 2002, Wong et al., 1997).

Our knowledge of the mechanisms involved in regulating gene expression by NRs
highlight the role of the specific interaction between the NR and its ligand and also the
specific interaction of this complex with DNA. In the latter case, the important role of

coactivators and corepressors are the subject of ongoing work. The NRs have a major role in
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the morphogenesis, growth, differentiation, metabolism and reproduction. Given the
importance of NRs in human and animal physiology, their role in the development of certain
diseases and their importance as a therapeutic target for several diseases, a detailed
understanding of their function will have an impact not only in human biology but also in the
development of new drugs for the treatment of several diseases such as cancer, diabetes,

atherosclerosis or obesity.

Part of the work carried out in the framework of this work was to evaluate the role of
some NRs in the action of organotin compounds, e.g. tributyltin chloride (TBT) on the
dynamics of WAT. It is therefore necessary to describe the mode of action of some NRs that

may be involved.

2.4. Retinoid X Receptors (RXRs).

2.4.1. Isotypes, phylogenetic conservation and ligands.

The Retinoid X receptors (RXRs) are members of NRs important and essential in the
metabolism of steroid and thyroid hormones. They belong to the family of NR2 NRs (Table
3). RXRs are involved in various cellular processes, from cell proliferation to lipid
metabolism (Lefebvre et al., 2010). Three RXR isotypes (a, B and y) are expressed, and their
differential expression levels vary depending on cell type and differentiation state of the cells.
RXR are more predominant in the epidermis, intestines, kidneys and liver, RXRp are rather
ubiquitous while RXRy are predominantly expressed in the brain, muscles and adipose tissues

(Dawson and Xia, 2012).

The three RXR isotypes are well conserved between different vertebrate species with
conservation syntenic groups around orthologous genes between mammals and teleost fish
(Tallafuss et al., 2006, Waxman et al., 2007). The existence of co-orthologs of these genes in
the genome of the medaka and zebrafish is the result of whole genome duplication in the
ancestor of teleost fish (Figure 18) (Tallafuss et al., 2006, Waxman et al., 2007, Philip et al.,
2012).
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Figure 18. Phylogenetic analysis of the sequence of RXR isotypes among different vertebrate
species (after Waxman ef al., 2007). Human and zebrafish sequences are framed red and blue,
respectively.

RXRs were initially classified as orphan receptors because their natural ligands were
unknown. 9-cis retinoic acid has been proposed as the ligand for these receptors, but it could
not be detected in cells in vitro and in vivo (Wolf, 2006). The polyunsaturated fatty acids
(PUFASs) such as docosahexaenoic acid (DHA) and saturated metabolite of chlorophyll,
phytanic acid, are also offered as RXR ligands (Dawson and Xia, 2012). Other synthetic
compounds also exhibit activity as an agonist or antagonist of RXRs. This applies for
fluorobexarotene (FBA), CD3254, and SR11237 (for a more exhaustive list, see Figure 19).
Other synthetic compounds, such as TBT and triphenyltin (TPT) are contaminants in the
environment and can be ligands for RXRs (Griin and Blumberg, 2006b; Shi et al., 2012) (see
Chapter I1I).
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Figure 19. Chemical structure of some natural or synthetic ligands of RXRs (after Dawson
and Xia, 2012).

2.4.2. The transcriptional activation of target genes RXRs.

The identification of RXR was an important advance in our understanding of the mode
of action of NRs because they represent the inevitable partner for heterodimerization of many
NRs (Mangelsdorf et al., 1990), although they can also function as homodimers. RXRs are
present ubiquitously in metazoans and their activation is achieved with low molecular weight
ligands (Lima et al., 2011, Novak et al., 2008). Therefore these NRs play important roles in
embryonic development, organogenesis and cell differentiation. It should be noted that
relatively pleiotropic action of RXR comes from their ability to heterodimerization with other
NRs but also because their ligands can stimulate transcriptional activation of the heterodimer
partner in the case of permissive receptor (Figure 19) (Lefebvre et al., 2010). The RNs
activated with a moderate affinity for their ligands, such as PPAR, LXR or the FXRS,
permissive may be considered at their heterodimerization with the RXRs, whereas RNs that
have a high affinity for their ligands, such as RAR, TR and VDR are generally non-
permissive heterodimers with RXR (Lefebvre et al., 2010). The mechanism by which these

NRs interact remains largely unknown.
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Among the NRs that form heterodimers with RXR, we encounter three types of

heterodimers as described in Figure 20.

Nonpermissive transactivation

)

¥
S ) s
' 3 —
= e -
RE TS
Permissive transactivation
S o ¥ o)
- £
’ ’ " e
\_ - [ - [—b
> RRAAR =3
RE TS
Conditional permissive transactivation o
: [ : -
" ] ] I
3 o . 2P
= =
RE TS
NR NR agonist ) Bridging/scaffold
- ? RXR CoA protein protein
o - - <> >
' Nonpermissive NR ® TRorVDR
such as TR or VDR ) 7 o
Permissive NR such as ¥ PPAR, LXR or FXR Histone acetylase ranscriptional
PPAR, LXR or FXR (CBP/p300) complex

: Conditionally permissive ? RAR . %
such as RAR

Figure 20. The transcriptional activation by non-permissive, permissive and conditional
permissive heterodimers. A) Transcriptional activation by non-permissive RXR partners, as
TRs (thyroid hormone receptor) or VDRs (vitamin D receptor), B) transcriptional activation
by permissive RXR partners, such as PPARs (peroxisome proliferator-activated receptor) or
LXRs (liver (oxysterol) X receptor), C) Transcriptional activation by conditional permissive
RXR partners, such as RARs (retinoic acid receptor) (after Dawson and Xia, 2012).

Non-permissive heterodimers

This type of complex cannot be activated by the RXR ligand. Only the binding of a
ligand of RXR partner enables the transactivation of target genes (Figure 20A). In this case,
RXR is called "silent partner". For this type of heterodimer orientation is always the same:
RXR occupies the 5 'position on the response element while his partner holds the 3' position.
Encountered in this particular category are heterodimers RXR/TR, RXR/VDR and
RXR/RAR. The last one, however, presents a special heterodimer. Whereas the RXR ligand

alone is not capable of activating the heterodimer, the binding of all-trans retinoic acid to the
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binding site of the ligand (LBD) of RAR allow for the setting of a ligand of the RXR
increases the transactivation of a gene placed under the control of a RAR response element
(Minucci et al. 1997). So heterodimer RXR/RAR is qualified as a conditional permissive
heterodimer (Figure 20C).

RXR specific ligand has been identified, the LG100754. This molecule acts as an
antagonist of RXR homodimer for RXR/RXR agonist and as in the case of heterodimers
RXR/PPAR (a, B/ 6 and y) (Rosemary et al., 2001). This ligand does not activate other RXR
heterodimers as RXR/LXR (a and ), RXR/FXR/BAR and RXR/NGFI-B (Rosemary ef al.,
2001).

Permissive heterodimers

Permissive heterodimers are activated by ligands of the two partners of the
heterodimer, that is to say, the RXR agonist may activate the other partner of the heterodimer
as well as the partner agonist. Among such we can cite the heterodimer RXR/PPAR,
RXR/FXR and RXR/LXR (Figure 20B).

In Zucker obese and insulin resistant rats, it has been shown that activation of RXR
with a pan-agonist LG100268 causes a decrease in body weight and the rate of food
consumption (Ogilvie ef al., 2004). Oral administration of this compound in rats for 6 weeks,
causes a of five times increase in apoptosis of subcutaneous adipose tissue and a decrease in
of this fat mass. Treatment also had adverse effects on the level of TAG which increased
twice, and a decrease by 75% of the total thyroid hormone T4 level was also observed
(Janesick and Blumberg, 2011). However, according to some authors the potential use of
RXR ligand in order to reduce body weight may be limited due to the ability of such ligand to
activate RXR/PPARY heterodimer (Dawson and Xia, 2012). It is known that the RXR/PPARY
heterodimer are targeted by several obesogenic molecules (Griin et al., 2006; Janesick and
Blumberg, 2011). The environmental obesogen TBT may activate RXR/PPARy via RXR
partner of the heterodimer because this molecule has the ability to bind with Cys 432 of helix
11 of RXRa (Le Maire et al., 2009) (see Chapter III).

2.5. Peroxisome proliferator activated receptors (PPARS).
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Peroxisomes are cellular organelles surrounded by a single membrane and containing
no genetic material. All proteins that constitute the peroxisome are encoded by nuclear genes
and arise from the cytoplasm. Peroxisomes are responsible of cell detoxification by
degradation of highly toxic hydrogen peroxide and the degradation of very long-chain fatty

acids.

PPARs are transcription factors belonging to the superfamily of hormone NRs (NR1
family, Table 3) and were originally discovered in rodents by Isseman and Green (1990).
These receptors can transform a wide variety of environmental signals, nutritional and
inflammatory cellular responses. Their activity is modulated by the interaction with specific
ligands of lipophilic nature, which can be natural such as long-chain fatty acids (LCFA) or
synthetic (Escher and Wahli, 2000). Forming heterodimers with RXR, the complex
RXR/PPAR modulate transcription after attachment to specific sequences named peroxisome
proliferator response elements (PPRE) located in the regulatory region of their target genes
(Figure 21). They thus control the expression of genes involved in lipid and carbohydrate
metabolism (Berger and Moller, 2002; Barbier et al., 2002). There are three PPAR isotypes
that have been described a, /0 and v, also called FAAR or NU1C depending on the species in
which they were cloned. These three isotypes are generally well conserved between species.
For example, in zebrafish, the existence of three isoforms and their tissue expression appear
similar to mammals (Ibabe ef al., 2002) with an expression of the three genes that depends on
the sex and stage of development (Ibabe er al. 2005). As the same way as in mammals,
PPARYy gene expression may serve as a marker of zebrafish adipocytes (Flynn III et al.,

2009).

Corepressor + ligands Coactivator

Inhibition of . D

transcription

Activation of
transcription

DNA of the target gene Histone DNA of the target gene
deacetylation

Figure 21. Mechanism of gene transcription by PPARs (modified after Desvergne et al.,

2006). In the absence of ligand, PPAR interacts with a corepressor complex which inhibits

transcription of the gene by their deacetylase activity. Following the binding of natural or

synthetic ligands, the corepressor is released, PPAR heterodimerizes with RXR. This
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phenomenon leads to the recruitment of coactivators with acetylase activity that induces
transcription of the target gene.

2.5.1. PPARo.

PPARa (NRIC1) is expressed in various tissues including those having a high
catabolic potential for fatty acids (Ibabe et al., 2002), such as the liver, heart, kidney, brown
adipose tissue and small intestine (Escher ef al., 2001). The involvement of PPARa in the
catabolism of fatty acids is via its role as regulator of key enzymes of mitochondrial and
peroxisomal fatty acid B-oxidation and (Desvergne et al., 2006). PPARa are activated by
natural eicosanoids derived from arachidonic acid such as acid, 8-S-hydroxyeicosatetraenoic
(8S-HETE), leukotriene B4, as well as oxidized phospholipids from oxLDL (Willson and
Wahli, 1997). In addition, fibrates, ligands and pharmacological activators of PPARa, are
used clinically to treat dyslipidemia. Fibrates exert their hypo-TAG activity by stimulating the
catabolism of fatty acids, leading to a decrease in hepatic production of VLDL, and secondly,
in the hydrolysis of lipoproteins activate via the induction of LPL and a decreased of liver

ApoC-III (Staels et al., 1998). Figure 22A represents some of PPARa ligands.
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Figure 22. Examples of the chemical structure of some PPAR a, /6 and y ligands.

2.5.2. PPAR/S.

PPARPB/S (NR1C2) is the most ubiquitous of PPARs. It is present in many tissues such
as muscles, adipose tissues, lungs, brain, and intestines. In the latter organ, PPAR isoform is
the main expressed PPAR isotype (Escher ef al., 2001). This NR has several synthetic ligands
(Figure 21B). It is involved in the oxidation and lipid metabolism as well as the mechanisms
of cell proliferation. Treatment with PPARP agonist GW501516 or L165041 appears to have
lipid-lowering effects through an effect on muscle fatty acid uptake and catabolism which
secondarily modulate lipoprotein metabolism (Karpe and Ehrenborg, 2009). Treatment of
db/db mice with PPARP agonists shows a positive effect on the reduction of TAG (Leibowitz
et al.,2000).

A comprehensive study in Atlantic salmon shows the existence of four genes for
PPARB. These genes are separated in two families ssPPARB1and ssPPARPB2 and each family
contains two isotypes, ssSPPARB1A and B1B, and ssPPARB2A and 2B (Leaver ef al., 2007).
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It has been shown that ssPPARB1A isoform can be activated by monounsaturated fatty acids,
2-bromopalmitate but also the PPAR agonist of mammals, GW501516 (Leaver et al., 2007).

It has been shown that PPARP have an important role in lipid metabolism and
adipocyte differentiation in cell culture. Using cells with a deteriorated PPARP expression,
researchers observed a significant decrease in cell differentiation and lipid accumulation that
may not be recoverable even in the presence of the PPARy agonist, troglitazone. However, the
addition of L165041 PPARP/S agonist in the culture medium potentiated the action of the
PPARy agonist in stimulating adipocyte differentiation and lipid accumulation (Matsusue et

al., 2004).

2.5.3. PPARYy.

PPARy (NR1C3) is predominantly expressed in adipose tissue where it controls cell
differentiation (Matsubara et al., 2005), lipid storage and modulates the action of insulin.
PPARYy is also expressed in the intestinal mucosa at higher levels in the colon and cecum than
in the small intestine. At this level, its expression decreases from the duodenum to the
jejunum (Lefebvre et al., 1999, Chen et al., 2006). PPARY is considered the key regulator of
adipogenesis and could lead to the direct link between obesity and type 2 diabete (Janesick
and Blumberg, 2011). Activation of this NR by natural ligands such as certain fatty acids and
their derivatives or xenobiotics showed a positive effect on the stimulation of adipogenesis
either in vitro or in vivo (Janesick and Blumberg, 2011). The family of thiazolidinediones
(TZDs) (Figure 20C) such as glitazones (rosiglitazone, troglitazone ...) represents potent and
selective ligands for PPARy (Lehmann et al., 1995 Good, 2005). However, PPARY agonists
are often used to reduce insulin resistance, which is accompanied by a reduction of
hypertriglyceridemia and thus improves the lipid profile of patients (Pourcet et al., 2006).
PPARY also presents a good drug target against the retinal and choroidal neovascularization
by blocking the expression of the receptors for vascular endothelial growth factor (VEGF)
(Good, 2005). Blockage by PPARYy antagonist GW9662 prevents the development of obesity
induced by high fat feeding in mice in vivo, without having an impact on the rate of food
intake (Nakano et al., 2006). Another study also showed a 50% decrease in the activity of
PPARy induces protection against obesity caused by a high fat diet and insulin resistance
(Takasawa et al., 2008). Concomitant inhibition of PPARy and RXRs with antagonists
specific for each of the two isoforms shows a significant decrease in rate of TAG content in

WAT, skeletal muscles and liver (Yamauchi et al., 2001).
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PPARy is also a target for obesogenic molecules as certain pharmaceuticals or
endocrine disruptors. Among these molecules, halogenated bisphenol A has an obesogenic
activity indentified in humans, zebrafish and Xenopus (Riu et al., 2011), phthalates such as
monoethylhexyphtalate, or organotins such as TBT (Kanayama et al., 2005; Janesick and
Blumberg, 2011).

2.6. Liver X receptors (LXRs).

LXRs are part of NR1 NR family. They bind to the DNA of target genes as permissive
heterodimers with RXRs (Lefebvre et al., 2010). In humans and mice, they exist in two
1soforms, LXRa (NR1H3) and LXRp (NR1H2), arising from two distinct genes. In zebrafish,
a single /xr copy has been characterized with high sequence identities of the deduced protein

with mammalian LXRa (Table 4) (Archer et al., 2008).

Table 4. Percentage of identical amino acids between homologous proteins encoded by LXRa
between different species of vertebrates (after Archer et al., 2008).

Length (aa) Zebrafish Human Mouse Rat Chicken Fugu
Overall similarity
Zebrafish 412
Human 447 69
Mouse 445 70 91
Rat 445 70 91 97
Chicken 409 76 75 76 76
Fugu 363 93 78 78 77 83
Oryzias 390 88 73 74 73 77 96

Since their discovery in 1995, LXRs have emerged as powerful metabolic regulators
in many tissues and cell types (Laurencikiene and Rydén, 2012). Like most NRs, the LXRs
are activated by small lipophilic ligands. In the case of LXRs, oxysterols and some cholesterol
derivatives are natural ligands (Wojcicka et al., 2007; Laurencikiene and Rydén, 2012). Other
synthetics have been identified such as T0901317 or GW3965 (Wojcicka et al., 2007).

An analysis of the expression profile of LXRs showed that the expression of the f
form is rather ubiquitous while the form o has higher transcript levels in the organs which

have an active lipid metabolism such as adipose tissue or steroidogenic organs (Mouzat et al.,
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2009). The results obtained in recent years suggest that LXRs may have important roles in the
metabolism of adipocytes. However, almost all of these studies were performed in non-fat
cells or tissues and it is hard to know the exact role of these NRs in the WAT (Laurencikiene
and Rydén, 2012). Work conducted in KO mice and analysis of LXRa and LXRp gene
expression suggested that LXRs would be involved in the regulation of some number of genes
involved in cholesterol and fatty acids metabolisms in the liver, macrophages and intestine
(Ulven et al., 2005). LXRa and LXRf are the expressed and activated by endogenous and
synthetic ligands in adipose tissue, which leads to lipid accumulation in adipocytes. This
indicates an important regulatory role of LXR signaling in several metabolic cascades in the
adipose tissue, such as glucose metabolism and de novo fatty acid synthesis (Ulven et al.,
2005). The LXRs stimulate fatty acid synthesis by stimulating the transcription of lipogenic
genes such as SREBP-1c (sterol regulatory element-binding protein-1c¢) (Wojcicka et al.,
2007). Treatment of adult zebrafish with the LXR synthetic agonist GW3965 induced a strong
up-regulation of genes involved in lipid metabolism in the liver (Archer et al., 2008). From
embryonic stages, and in the first 24 hours post fertilization (hpf), Ixr is ubiquitously
expressed, followed by a greater specificity for the liver at 3 days post fertilization (dpf), and
the intestines at 4 dpf, while in adults almost all organs analyzed in this study demonstrated
an [xr expression (Archer et al., 2008). :[1[1”[In cultured rainbow trout preadipocytes the
expression of LXR is shows a significant increase during differentiation. Increased LXR
expression after treatment with agonist T091317 was concomitant with a higher level of
lipolysis in freshly isolated adipocytes”. In the same paragraph it should be included a
comment on another work done in fish myocytes in which it is demonstrated the possible
lipogenic role of LXR acting through different identified LXR target genes in rainbow trout
cultured myocytes (Cruz-Garcia et al 2011). Treatment of muscle cells (myotubes) with
human T091317 for 4 days increases lipogenesis by increasing the de novo synthesis of lipids
and lipid accumulation (Kase et al., 2007). This is confirmed with another study on human
preadipocyte cultures, LXR agonist T0901317 strongly stimulated the expression of SREBP-
lc and lipogenic enzymes ACC-1, FAS and SCD-1 in Chub-S7 human preadipocyte cell line
as in the stroma vascular fraction of primary cell culture. Effects on gene expression have
been associated with the stimulation of de novo lipogenesis in both cell models, which leads

to the accumulation of lipids (Darimont ef al., 2006).

LXRs form heterodimers with RXRs and bind to DNA mainly on the LXR response
elements (LXRE). In the absence of ligand, the RXR/LXR heterodimer is constitutively
attached to the LXRE. In this inactive state, these NRs act as repressors of gene transcription

by recruiting corepressors (Lobaccaro et al., 2001). Otherwise, in the presence of the ligand,
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the binding of a LXR agonist or RXR on the heterodimer causes the departure of corepressors

and binding ofcoactivators creating a permissive environment for the transcription (Figure
23).
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Figure 23. Mode of action of the RXR/LXR heterodimer. RXR/LXR complex can be
activated both by the 9-cis retinoic acid and/or one oxysterol. Double induction leads to
additive or synergistic activity probably by more efficient recruitment of coactivators. RNA
pol II: RNA polymerase II PIC: Pre-Initiation-Complex; DR4: Direct Repeat 4; LXR: Liver X
receptor, RXR: Retinoid X receptor (after Peet et al., 1998).

3. Endocrine disruptors

The spill quantity and diversity of many compounds arising from human and industrial
activities raises the question of their impact on human and animal health. A number of
molecules of natural or synthetic origin can induce unwanted changes of the endocrine
system. An endocrine disruptor (ED) can be defined as en "exogenous substance capable of
interfering with the synthesis, secretion, transport, binding, action or elimination of natural
hormones responsible for maintaining homeostasis, the development, reproduction and
behavior" (Kavlock et al., 1996). According to WHO, "a ED is a substance or mixture of
exogenous substances that alter the functions of the endocrine system and induce harmful
effects on the health of an intact organism, its progeny, or (sub) populations" (WHO, 2002).

ED are not related to a chemical class or defined by a particular mechanism of action. The
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only common feature of these xenobiotics is their ability to induce changes in the endocrine
system, which eventually will have negative consequences for the healthy organisms and their

offspring.

Indeed, ED can directly interact with the endocrine system, e.g. pancreas, testes,
ovaries, thyroid and parathyroid, WAT... as they can also impact the structure and/or function
of other non-endocrine tissues and organs and therefore indirectly affect the endocrine system

(Figure 24) (Kavlock et al., 1996).
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Figure 24. Pattern of interactions between the endocrine system and the reproductive,
neurological and immune systems to illustrate the complexity of the potential mode of action
of xenobiotics (according to Kavlock et al., 1996).

It is long been known that exogenous substances can interfere with the endocrine
system. Natural compouds have been used since immemorial times to modulate what we will
call later hormonal or endocrine system. Farmers have long since established the correlation
between the dietary intake of a particular species of clover by some ruminants and
reproductive problems. This feed contains oestrogenomimetic molecules such as coumestrol
(Adams, 1995). The ability of natural or synthetic chemicals to interact with endogenous
hormone receptors was already established in the 1930s (Marty et al., 2011). From the 1940s,
steroidal compounds began to be used in order to regulate the reproductive cycle of cattle and
improve the efficiency and rate of weight gain. In the same context, products such as ethinyl
estradiol, mestranol or norethynodrel were developed as contraceptive agents for the purpose
of treating human diseases (Marty et al., 2011). To 50 years, scientists have discovered the

biocidal properties of organotin compound (organotins) and their use has increased steadily as

167



active agents in many industrial products, such as fungicides, repellants for rodents, protective

timber in antifouling paints and stabilizers of polyvinyl chloride (PVC) (Hoch, 2001).

3.1. Classification of endocrine disruptors.

Classification of ED can be based on different parameters: their use, their origin or

chemical nature. ED may be of natural origin such as phytoestrogens or synthetic such as

fungicides, herbicides or insecticides, or pharmaceutical molecules such as hormones or

synthetic cosmetics as UV (Ultraviolet) filters. Table 5 shows some examples of ED, mainly

environmental toxicants.

Table 5. The main classes of endocrine disruptors (after Colborn et al., 1993; Colborn, 1996).

HERBICIDES and FUNGICIDES INSECTICIDES

Fungicides

Herbicides

Vinclozolin
Procymidione
Fenarimol
Ziram
nitrofen
Trituraline
Benomyl
Mancozeb
Maneb
Amitrole
Tributyltin
Zineb

Atrazine
Alachlore

Linuron

INDUSTRIAL CHEMICALS

Organochlorine

Synthetic

pyrethroids

Organophosphate

Carbam ates

DDE
Methoxychlor
DDT
Lindane
Dieldrin
Heptachlor
Endogultan
Toxaphene

Mirex

Dicoftol

Cypermethrin

Parathion

Methomyl
Carbaryl

PHYTOESTROGENES

Hexachlorobenzene

Polychlorinated biphenylz (PCBzg) and

dioxing
Bigphenol A
Styrenes
Alkylphenols
Phthalates

Genistein

Coumestrol

Daidzein

Enterolactone

Zearalenone
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The effects observed following the massive release of ED in the environment are
characterized, among other things, by the observation of developmental abnormalities in
animals, very high mortality of certain animal populations and reproductive defects. One of
the first people to have attracted the attention of the public on the adverse effects of ED was
R. Carson in her book "Silent Spring" in 1962. She described the effects of
dichlorodiphenyltrichloroethane (DDT) on bird populations which contributed to the
prohibition of the use of this product in the USA from 1972. The 1970s were marked by the
case of diethylstilbestrol (DES), a synthetic estrogen that is prescribed for more than thirty
years to pregnant women to prevent spontaneous abortions, prematurity and the risk of
bleeding of pregnancy. This molecule is now banned. Scientists have indeed been able to link
the prescription of this drug to the mother and the emergence of major abnormalities of the
genital tract of women arising of these pregnancies (Treffers et al., 2001). This molecule is

also a powerful obesogen (Newbold et al., 2009).

Numerous scientific studies have established a causal link between the presence of
xenobiotics in the environment and the appearance of anomalies in animal populations,
especially waterfowl. This applies for example to organotin compounds (Chagot ef al., 1990).
Bisphenol A is another example of a substance widely used and that the ban should be
permanent. This molecule is widely used in polycarbonate plastics, polystyrene resins and
dental sealants. It is also used as an additive to other plastics such as PVC (Casals-Casas and
Desvergne, 2011). This molecule causes adverse effects during critical periods of fetal and
postnatal development, which leads to metabolic disorders in adulthood. It can be acting at
very low doses well below the currently acceptable daily intake (50 pg/kg/day) (Nalbone et
al., 2011). Recent data have been reported demonstrating that bisphenol could be eliminated
by human renal system more efficiently than in experimental animals (Teeguarden et al.,

2011).

3.2. Mechanisms of action of endocrine disruptors.

Endocrine disruption is not characterized by a toxic effect, but by a modification of the
endocrine system that may result in a toxic effect when the homeostatic regulation is
disrupted. Targets of xenobiotics are numerous. As several studies shows, the ED may

interfere with NRs by several mechanisms (Figure 25). They can act as:
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T] Agonists: they can mimic the action of a natural hormone by binding to the cellular
receptor and causes a normal response. They can also encourage the recruitment of
coactivators by the heterodimer and after the initiation of transcription of the target gene

(Figure 25a) (Casals-Casas and Desvergne, 2011).

'] Antagonists: they can bind to hormone receptor and inhibit its DNA binding and thus
prevent transcription of a target gene by taking the place of the natural hormone, they
promote conformational changes that allow the recruitment of corepressors (Figure 25b)

(Casals-Casas and Desvergne, 2011).

'] Competitive agents in the recruitment of coactivators or of the binding site on DNA: The
ED may interfere in an indirect way, the binding of a ED with a NR (e.g. RN2) can
interfere with another NR (e.g. RN1) via molecular interference as competition to recruit
coactivators (Figure 24c) or for connecting sites of DNA binding (Figure 25¢) (Casals-
Casas and Desvergne, 2011).

[l Other indirect mechanisms are: 1) the binding of two NRs, RN1 and RN2, to neighboring
DNA sequences, which can lead to either synergy or inhibition of regulatory activity
(Figure 25d), 2 ) a transcription activation stimulated by the binding of ED on the two
NRs, which results in the degradation of the other receptor activation by the proteasome

(Figure 24f) (Casals-Casas and Desvergne, 2011).
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Figure 25. Diagram showing the different modes of action of xenobiotics via NRs. ED,
endocrine disruptor; NR1/NR2, nuclear receptors type 1 and 2; coAct, coactivators, Core
corepressor; NRE1/NRE2, response element nuclear receptor 1 and 2 (Casals-Casas and
Desvergne, 2011).

3.3. Organotin compounds.

Organotin compounds (organotins) are synthetic industrial products. They are organic
compounds of tin (Sn 4+) and are characterized by the presence of at least one covalent bond
between a carbon atom and a tin atom. Organotin compounds are designated as mono-, di-,
tri-, tetra-organic compounds of tin and have the general formula (n-C4H9), Sn-X, wherein X
is an anion or a group bonded so covalently via a heteroatom (Okoro ef al., 2011). Pollution
by organotins in the aquatic environment is a global concern. Two groups of compounds are
toxic to aquatic life, TBT and triphenyltins. In this work, we have determined what NR
signaling pathway TBT is using on zebrafish WAT to induce its obesogenic effect (Chapter
III).

3.3.1. Tributyltin.
171



From an economic standpoint, the ships and boats that have hulls clean and smooth
move faster and consume less fuels. However, objects floating on the surface of the water are
quickly covered of living organisms under the waterline because they serve as a support for
the development of them (Alzieu et al., 1980). Biological fouling can cause significant
damage in particular the loss of the ship speed, the fuel consumption, the development of
corrosion points, increasing the weight of buoys and floating equipment and narrowing of the
ducts (Alzieu et al., 1980). During the 1960s, antifouling paints have been developed by the
chemical industry. These paintings are mainly comprised of organotin products, such as TBT.
This type of paint has proven extremely effective against the adhesion and growth of algae
and organisms on the hulls of boats. Massive amounts of compounds of this type were thus

released into our environment.

Tributyltin compounds are organotin compound with the chemical formula (n-C4H9)
3Sn-H, include several sub-products: Tributyltin oxide, tributyltin fluoride, tributyltin
chloride (Figure 26), tributyltin hydroxide, tributyltin naphthenate and tris (tributylstanyl)
phosphate are the main organotin biocides used in the industry (Clark et al., 1988).

H3C—\_\ -/ CHG ch/\/\ /\/\CH:3
H30_/—/ SN

Tributyltin Tributyltin chloride
Figure 26. Structures of tributyltin and tributyltin chloride.

3.3.1.1. Areas of use of TBT.

The use of TBT in antifouling paints and agrochemical activities has been of particular
interest because they are the most important ways to release it in the environment (Ayanda et
al,, 2012). Organotins were also used as PVC stabilizers with a percentage up to 70%
(Ayanda et al., 2012). Used as slimicides as in cooling towers, they act as fungicides,
bactericides, insecticides but also as preservatives for wood, textiles, paper, leather, and
electrical equipment (Clark et al., 1988; Hoch, 2001). Figure 27 gives an overview of
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pathways used for products containing organotins. It is interesting to note that the derivatives
dialkyltins are used as heat stabilizers and catalysts, while the trialkyl derivatives triaryltins
and are mainly used as biocides (Piver, 1973). The numerous commercial applications of
organotin compounds has led to a strong increase in world production, about tons in the years
50 to around 30-35 000 tons/year in the early 80s to more than 50 000 tons in 1992 (Alzieu et
al., 1998; Ayanda et al., 2012).

PVC STABILIZERS
dibutyltin dilaurate; dibutyltin maleate

1 dibutyltin laurate-maleate; dibutyltin
HEAT STABILIZERS »| bis (lauryl mercaptide); dibutyltin S, S-
bis (isooctyl thioglycolate); dibutyltin
B - mercaptopropionate; di-n-octyltin maleate;

di-n-octyltin S,S-bis (isooctyl thioglycolate);
TRANSFORMER QIL STABILIZERS di-n-octyltin g - mercaptopropionate

tetraphenyl tin

QRGANOTIN
PRODUCTION \ CATYLYSTS 5| URETHANE AND ESTERIFICATION CATALYSTS
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diethyltin dioctoate
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: PR dibutyltin dichloride
g}g::y}E}: g}?:ﬁg::g dibutyltin dilauryl mercaptide
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dibutyltin dilaurate tributyltin linoleate

1

Figure 27. Schematic distribution of the use of products containing organotins (after Piver,
1973).

3.3.1.2. Physico-chemical properties of organotins.

The solubility of organotins is variable depending on the type of by-product, for
example it is 17 mg/l in distilled water and 5.7 + 2.3 mg/l in the vapor pressure of 4.2, pH> 7
and a salinity of 18% for TBT (Ayanda ef al., 2012). In organotin molecules, the carbon-tin is
a point of least resistance, degradation of organotins is performed by biotic and abiotic
factors. The cleavage of the Sn-C can occur under UV irradiation, which is the process of the
most important abiotic degradation (Alzieu et al., 1998; Okoro et al., 2011). The half-life of
TBT in seawater depends on environmental conditions (temperature, pH, turbidity, light), it
can range from a few days to a few weeks. Degradation is faster in water containing

suspended matter, and the calculated half-lives ranging from 5.8 days in summer for turbid
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waters, to 127 days in winter in waters devoid of particulate material (Alzieu ef al. , 1998), its

degradation is slowed sharply in cold environments.

TBT has a hydrophobic behavior which promotes its sequestration in sediments and
therefore its removal from the aqueous phase leading to long-term storage of this
contaminant. The half-life of TBT in sediments is estimated over a year and a few decades
(Alzieu et al., 1998; Ayanda et al., 2012). This phenomenon of absorption of TBT in

sediments appears to be a reversible process depending on the conditions (Ma et al., 2000).

3.3.1.3. TBT into the environment and its bioaccumulation.

Uncontrolled and deleterious effects of TBT from antifouling paints have been
documented since the late 1970s in the Arcachon bay (South-West of France) by researchers
from IFREMER. At that time these researchers took the alarm, and showed that the
responsible major problems with oysters, Crassostrea gigas, such as the high mortality in the
larval stage and the appearance of abnormal calcification of shells adults were due to strong
contamination by TBT. These problems have caused a sharp decline in the value of
marketable shellfish stocks (Evans et al., 1995; Alzieu, 2000). In the Arcachon bay, between
1977 and 1981, the values determined TBT concentrations in water exceeded 100 ng/l, while
following the regulations in January 1982 on the use of TBT paints in France anti-fouling,

values are ironed at 1 ng/l in the late 80s and early 90s (Figure 28) (Ruiz ef al., 1996).

In order to assess the problems caused by TBT and its derivatives, several
environmental studies have been conducted in freshwater, marine sediments and in some
biological organisms in the world. Contamination by TBT and its derivatives have been
detected in marine environments everywhere with concentrations that vary over time and
space. The researchers noticed that the highest rates are found in coastal areas where vessel

traffic and water activity are strongest.

Before the use of TBT is regulated, analyzes of product concentrations in marine
waters were very high. For example, in 1983, concentrations between <30 and 630 ng/] in the
river Crouche in Britain, while in the waters of the Chesapeake Bay ranged from <1 to 1342
ng/l, between 5 and 235 ng/l in the basin of San Diego (Seligman et al., 1986, Huggett et al.,
1992). Regarding France, a study carried out on the Atlantic coast between 1986 and 1987,
shows values of TBT between 4 and 63 ng/l, while in the Mediterranean coast, a study in

1988 showed that concentration can up to 250 ng/1 (Alzieu et al., 1998).
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Figure 28. Estimate of the historical evolution of TBT concentrations in the open waters of
the Bassin d'Arcachon (France) (after Ruiz et al., 1996).

3.3.1.4. Legislation based products and TBT concentrations.

The economic and environmental consequences have forced some countries to quickly
implement a regulation banning the use of TBT. Organotin compounds used for the treatment
of antifouling boat hulls are prohibited in France since January 1982 in antifouling paints for
boats under 25m. The ban in France was soon followed by Great Britain in 1987, the United
States in 1988 and Canada in 1989. Since 2003, the prohibition of use was extended to all
vessels flying the flag of the EU (except Navy) before the OMI in 2008 proscribes all anti-

fouling systems may release organotin compounds (Andral and al., 2011).

A number of bibliographical data regarding the rate of TBT in marine waters,
sediments and also some biological organisms at different points in the world and France are
shown in Table 6. This information can be useful to know the level of the contaminant

distribution.

Years after the ban on the use of TBT in Europe, Devier and colleagues conducted a
study on various sites in the region of Arcachon. They noticed that, in general, the rate of
TBT are relatively low, except the entrance of the basin (site Banc d'Arguin), the values of
TBT detected after the summer season (month of August) were twice the values detected
initially (early season). The explanation consists of an input of TBT due to the movement of
water during the summer unlawful use of antifouling paints containing TBT, in addition to the
closed geometry of the site, surrounded by numerous sandbanks (Divert et al., 2005). Other
reports show that despite these prohibitions, significant concentrations of TBT and its
derivatives are observed near major port areas in France, like Picardy, Brittany and Provence.

Overall contamination levels appear higher in the Mediterranean than in the Atlantic, which
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could be due to the absence of tides and therefore lower renewal coastal water near the source
port (Andral et al., 2011). The other reason is the lack of regulation in the countries of North
Africa that could contaminate the French coast. A 1999 study shows that there are still
sources of contamination to the French coast in all ports even after the ban (Michel and
Averty, 1999). This scenario observed in France is similar to several other countries, such as
Canada for example. Researchers found high levels of contamination in several sites around

1995 (Chaux et al., 1997).

Due to the widespread use of large quantities of TBT, this molecule has entered
various ecosystems. This compound deserves our attention because it is described as the most
toxic substance ever introduced into the marine environment and ranked as one of the most
powerful ED product (Evans et al., 1995, Pereira et al., 1999, Ayanda et al., 2012). This
molecule has a high toxicity to aquatic life even at very low concentrations (Chagot et al.,

1990).

The use of TBT as additives in antifouling paints is one of the most important ways of
introduction of TBT in the aquatic environment, with participation of industrial and
agricultural applications (Clark et al., 1988; Hoch, 2001). This category of harmful substances
pose a risk not only to aquatic ecosystems but also terrestrial (Chagot et al., 1990). The
hydrophobic character of TBT is the most important criteria are that promotes accumulation
and persistence in the environment. Accumulation in the surface microlayer promotes its
photo-decomposition by UV, but in aquatic and terrestrial ecosystems this process is very
limited because their trapping sediment appears to be the main route (Hoch, 2001).

Figure 29 shows the sources of organotins and their distributions in the aquatic
environment. Bacteria were noted to have a remarkable ability to accumulation of organotins.
Marine bivalves are able to accumulate large amounts of TBT (up to 5 mg/g). Fish and
shellfish accumulate smaller amounts as bacteria and bivalves because of their possession of
enzymatic mechanisms of degradation of organotin (Okoro et al., 2011). Their absorption in
mice is also low with a primary excretion via the feces. Mammals and birds accumulate high
levels of butyltin in organs and tissues (Iwata et al., 1995). In some mammals, TBT
compounds may be metabolized DBT (dibutyltin) and other metabolites of TBT can be
identified in adipose tissue, liver and kidneys (Adeeko et al., 2003).

176



Tributyltin in sediments

Tributyltin in seawater

Tributyltin in some biological tissues

Table 6. Some bibliographical data concerning the levels of TBT in marine waters, sediments, but also in some biological tissues, in different parts of the
world (according to Michel and Averty, 1999; Okoro et al., 2011).

Samplinglocation

West and east cost, Canada
CrystalLake, US

Port of Oszaka, Japan
Coast, Malaysia
Great Barrier Reef World Heritage Area, Australia
Alexandra harbour, Egypt
Kochi harbour, India
Mumbai harbour, India
Fishing harbours, Tarwan
West coast, India
North coast of Kyoto, Japan
Coast, Vietnam
Sanricu coast, Japan

West coast, France
River Thames, UK
South west coast
Tagus Estuary, Portugal
Danish harbours and marinas, Demark
North west Sicilian coast, Italy
North east coast, Spain
Coast, Portugal
North coast, Spain
South west, France
Barcelonaharbour, Spain
North west coast. Spain

Year

1995
2001-2003

1995-1996
1997-1998
1999
1999
2000-2001
2000-2001
2001-2004
2002-2003
2003
2003
2005

1993
1994
1998
1998-1999
1998
1999-2000
1995-2000
1999-2000
2000
2001
2002
2005

TBT (ng/g dw)

<d.1-5100
1.5-14.000a

10-2100
2.8-1100ab
<d.1-1275
1-2076
16.4-16.816b
4.5-1193b
2.4-8548b
5-2384b
1219
8.3-51
2-14,000

7-30
1-60
1.2-130
5.4-35b
100-5000b
3-27
51-7673
=3.8-124
50-5480
<d.1-89
98-4702
0.6-303

Samplinglocation

West and east cost, Canada
Coast, Korea
North coast of Kyoto, Japan

South west coast, Spain
South east coast, France

C'oastal waters, Greece
North west coast, Spain

Year TBT (ng/nl)
1995 <d.1,-500
1997-1998 <d.1-45
2003 3.9-27
1993 9.1-79
1998 <0.015-0.12
1998-1999 <d.1.-70
Not provide 0.4-196.6

Marinasareas along the French
coastsmonitored in 1997

English Channel
Dunkerque 16.8
Calais 87.7
Boulogne 49
Ouistreham 46
Port en Bessin 58.6
Cherbourg 50-61.3
Saint Malo 9.8-11.6
Rogcoff 1.7
Atlantic
Brest 86-11.1
La Trinitésur Mer 1.8-3.8
Le Crouesty 1.4-44
Pornic 15.8
St Gilles Croix de Vie ki
Les Sables d'Olonne 2.1-22
LaRochelle 3.4-16.4
Arcachon 12:7-21.9
Hendaye 6.7
Mediterranean
Banyuls 12.5-13.6
Gruiggan 10-11.8
Cap d'Agde 46271
Port Camargue 66.1-115.2
Marseille 40.2-137.2
Toulon 37.7-67.9
Cannes 59.2-189.1
Nice 72.9-199.3

Harbours along the French coasts
monitoredin 1997

English Channel
Dunkerque 7-154
Calais 18.7-43
Boulogne 2.3-86.3
Le Havre 7.3-17.4
Ouistreham 18.7
Port en Bessin 55-280.1
Cherbourg 24
Atlantic
Brest 11.6-374
Concarneau 129
Lorient 15.5-98.5
Saint Nazaire 8.4-30
St Gilles Croix de Vie 19
Les Sables d'Olonne 2.1-22
LaRochelle 3.3-784
Hendaye 3.3-4
Mediterranean
Port Vendres 5.7-13.6
Séte 3.8-214
Fos sur Mer 3.0-5:3
Marseille 40.2-109.3
Toulon 42-2373

Samplinglocation Biological sample Year
Coast, Canada Mussel 1995
Mussel 1996
Japan gea. Japan Walley pollock 1991
Bangladesh Fish 1994
Aomori, Japan Fish 1996
Coast, Korea Vivalves 1997-1998
Coast, Korea Starfish 1997-1998
Coast, Malaysia Fish 1998
Agqua culture area, Tatwan Oyster 2002
North coast of Kyoto, Japan Mussel 2003
Coast, Vietnam Clam 2003
Coastline of Hong Kong, China T. Clavigera 2004
Coastline of Hong Kong, China T. Luteostoma 2004
Sanrieu coast, Japan Mussel 2005
Northwestern Mediterranean, Spain Deep sea fish 1996
River Elbe and North Sea Fish 1993
The Netherlands Figh 1993
South west Coast, Spain Oyster 1993-1994
Strait between Denmark and Sweden Vivalve 1997
Baltic Sea, Poland Mussel 1998
South west coast, Spain H Truonculus 1999
Coast, Portugal Mussel 1999-2000
Northwestern Sicilian coasts, Italy H. Trunculug 1999-2000
West coast, Portugal Mussel 2000
Aegean Sea, Greece Bivalves 2001-2003
North west coast, Spain Oyster 2005
North west coast, Spain Musszel 2005

TBT (ng/'g dw)

20-1198
< 1440a,b

22-64a
0.47-3
<d.1,-240 aba, b
16-1610
7-323
2.4-190a. b
<3.8-417a,b
0.8-11a
3.8-15
<d.1.-18
3.8-170
3-287

1.0-52a
66-490 a, b
9.2-67a,b
269-96
200-300a,b
22-39a
48
<35.7-489
=d.1,-91
11-789
<35.7-489
74-193
52.8-96

Dw, dry weight: TBT = Tributyltuy, < d.1 = below detection limit. a, Wet weight: b, ng organotininstead of Si; ¢, It 1s not specitied wheither concentrationis given on basis of dry or wet weight
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Figure 29. Distribution and sources of organotins in the aquatic environment (after Hoch,
2001).

3.3.1.5. TBT effects on organisms.

Scientific research carried out in the 1970s showed that TBT is highly toxic to a large
number of aquatic organisms (Smith, 1981). The first effects of toxic TBT on the coastal
environment were observed in the Arcachon Basin in the early 1980s. In 1975, oyster
production was highly disturbed, first by an apparition of some distortion at the calcification
oysters "Crassostrea gigas" (Figure 29). In some cases, these defects give shells lamellar
structure in which there are pockets containing a gelatinous substance. These malformations
are even more pronounced than it is in the immediate vicinity of the port areas. Disturbances
attributed to TBT were then also observed by the progressive decrease in reproduction and

juvenile recruitment thresholds to near zero (Alzieu ef al., 1982).

A study on the effect of TBT on larvae of "Crassostrea gigas" showed a high
sensitivity of these organisms to TBT even at very low concentrations (0.7 ng/l). The

researchers of this study have established a scale of correlation between the concentrations of
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TBT and effect on embryogenesis and larval development, since the no-effect level of 0.7 ng/1

TBT it to a complete inhibition of reproduction at 35 mg/l of TBT (His and Robert, 1983).

Figure 29. Abnormalities of the upper valve calcification oysters (A and B) compared with
the normal appearance of control oysters (C) (According Alzieu et al., 1982).

Among the most notable alteration observed in molluscs, TBT induces a drastic
change in the sexuality of these animals called imposex. TBT induced endocrine disruption by
decreasing the activity of ovarian aromatase. This results in an increased level of testosterone,
growth of the penis and sterility in females of some species of gastropods as Nucella lapillus
(Oberdorster and McClellan-Green, 2002). In this species, a recent study showed induction of
imposex by a RXR agonist, HX630 (Stange et al., 2012). The early stages of imposex may
occur at concentrations below 1 ng/l of TBT. Field observations have shown that this change
resulted in a drop in populations (Bryan et al., 1988; Coray et al., 2007). This phenomenon
also occurs in other species of snails for a large number of coastal sites worldwide, such as the
North Sea and the Mediterranean (Morcillo and Porte, 1997). Exposure to TBT can also
transform females into males as in the zebrafish (McAllister ef al., 2003). The phenomenon of
imposex is to date the most sensitive biomarker for the presence of TBT in aquatic
environments (Smith, 1981). TBT also has the ability to inhibit the activity of
NADH/NADPH cytochrome C reductase of molluscs (Morcillo and Porte, 1997).

3.3.1.6. Risks to humans.
The toxicity of organotins in humans was highlighted in 1954 by the death of more
than one hundred patients treated with a drug containing 10% triethyltin iodide "triethyltin
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iodide" (Smith, 1981). The widespread use of organotins in agricultural, urban and industrial
activities during the past decades causes an environmental risk to humans (Hoch, 2001).
Exposure to organotins, and more precisely to TBT can be considered in two ways 1) by
direct exposure through ingestion of contaminated food. This route is considered the main
route of human contamination by organotin (Antizar-Ladislao, 2008), 2) indirect exposure
through the use of household products containing residues of organotin compounds (Figure
31). There is very little data on contamination levels and associated health risks for humans
(Okoro et al., 2011). A study on dust samples taken in vacuum bags of 28 apartments in
Germany showed the existence of 7.2 mg/kg of organotins with 0.08 mg/kg TBT (Fromme et
al., 2005). Analyzes on wine in Canada showed that 29 of 90 samples analyzed (32%)
contained traces of organotin (monobutyltin, dibutyltin or tributyltin) at different percentages

0f 0.08 to 1.44 ng/ml for dibutyltin example (Forsyth et al., 1994).
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Figure 31. Sources of human exposure to organotin compounds (Hoch, 2001).

Based on work carried out in rodents, a tolerable daily intake (TDI) value of 0.25
ng/kg body weight/day was established (Penninks 1993; DGHCP, 2003). Due to the
uncertainties of extrapolating toxicity between humans and rats, the kinetics of rat-man
extrapolation but also inter-individual differences in toxicity and kinetics, a safety factor of
100 was used for the final calculation of the TDI. This TDI is based on the results as weight
reduction power of adult rats with TBT oxide. This TDI value was adopted by WHO (WHO,
1999). Data from the literature on work carried out in 22 countries for which data exists on
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the amount of TBT in food that 9 of them, including France, Canada, Italy, Japan, Korea,
Poland, Taiwan, Thailand and the United States exceed the residual tolerable or acceptable
average residue levels (TARL) (Belfroid ef al., 2000). This index is calculated from the TDI.

For example, a person who weighs 60 kg, the formula is as follows:

(TDI x 60 kg)
TARL =

Average daily consumption

In Norway, the average intake of consumption was 33 ng/kg body weight (bw)/day,
and large consumers of contaminated food had an average of 70 ng/kg bw/day. Although
these values are lower than the TDI adopted by WHO (WHO, 1999; DGHCP, 2003), but there
may be a potential for large consumers and those weighing less like children (Belfroid et al.,
2000) . Consumption of contaminated seafood in Taiwan was transferred to the general
population and fishermen. In general, the concentration of TBT in oysters ranges from 0.32 to
1.51 mg/g dry weight, the values of oysters consumed by the fishermen were 94.1 and 250
g/day for the general population and individuals most exposed respectively as fishermen
(Chien et al., 2002). In addition, TBT concentrations were measured in barnacles, mussels
and fish along the eastern coast of the Aegean Sea. Mean concentrations of TBT were found
to 235 ng/g in fish, and 116 and 635 in mussels and barnacles respectively. The highest
concentrations of organotins were observed in barnacles that were sampled in marinas and
ports. All mussels had values sampled below the TARL. This indicates an absence of risk to
the consumer molds. However, 7 fish samples from the 15 analyzed showed levels of TBT
above TARL, which indicates a risk for consumers (Kucuksezgin et al., 2011). TBT levels
were monitored in fish commonly consumed in Iran. The samples were purchased from fish
markets at seasonal intervals in 2010 along the north coast of Iran. TBT concentrations in the
muscle of these fish were of the order of n (undefined) to 4.31 + 0.95 ng/g (wet weight),
which was lower than TARL for this country (Rastkari et al ., 2012).

Among the few studies on the effects of TBT on humans, one study showed that TBT
may have an inhibitory effect very low concentration on ER in human in the same way that
the 4-Hydroxytamoxifen (OHT) or ICI 182,780, which are specific antagonists of ER (Cho et
al., 2012). In addition, it has been shown that many cell types undergo apoptosis after

treatment with TBT and cell death of immune cells. After 4 hours of treatment with 1 uM
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TBT, Jurat T cells show morphological and biochemical changes characteristic of apoptosis

(Krug, 2012).

3.3.1.7. Tributyltin is an obesogenic molecule.

The incidence and prevalence of overweight and obesity have increased dramatically
over the last three decades in almost every country in the world. This is not easy to explain
with changes in lifestyle in populations with very different initial patterns. This raises
questions about the influence of environmental chemicals in the increased prevalence of

obesity.

Obesogens are chemical compounds or pharmaceuticals that directly or indirectly may
promote obesity by increasing fat storage in fat cells and/or the number of adipocytes by
altering the amount of calories burned at rest, changing the balance of the energy balance
and/or modifying mechanisms regulating appetite and satiety. There is evidence of the
obesogenic effect of certain chemicals or pharmaceuticals following experiments on cell
cultures or animals. Very few data are available for mankind, but a body of evidence suggests

that organotins and in particular TBT would be obesogenic for the human species.

TBT, in addition to its toxic effects, shows a very powerful obesogenic effect. This
molecule may lead to epigenetic changes that predispose individuals exposed to weight gain
and later to obesity (Janesick and Blumberg, 2012). Several researchers have identified the
TBT as an obesogenic xenobiotics (Kanayama et al., 2005; Griin and Blumberg, 2009a; Griin
et al., 2006a; Janesick and Blumberg, 2012). This molecule induces adipocyte differentiation
in cell culture models and increases fat mass in vivo in Xenopus, mouse (Griin et al., 2006a)
but also zebrafish (see Chapter III). TBT has a high affinity at concentrations in the nM range
with some NRs such as RXR, the PPARy (Kanayama et al., 2005; Griin et al., 2006b) and
LXRs (Inadera and Shimomura, 2005; Cui et al., 2011) and more specifically the heterodimer
RXR/LXRa but not RXR/LXRP (Cui et al., 2011). Exposure of Xenopus tadpoles at low
concentrations of TBT induces an increase in the amount of fat cells (Griin et al., 2006a). In
mice, prenatal exposure to TBT during pregnancy resulted in a premature accumulation of fat
in adipose tissue at birth and causes an increase in the size of lipid deposits at an age of 10
weeks, although mice exposed had a size slightly smaller than controls (Griin et al., 2006a).
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Further experiments aimed at understanding the mechanisms underlying the effects of
prenatal exposure to TBT showed that a single treatment with prenatal TBT or a
pharmaceutical obesogenic, rosiglitazone (Rosi), may alter the cell fate multipotent
mesenchymal stem cells (MSC). These stem cells, under conditions of normal development,
can differentiate into a number of cells including bone cells (osteoblasts), cartilage cells
(chondrocytes) and fat cells (adipocytes) (Pittenger et al., 1999). MSCs derived from WAT
pregnant females treated with a single dose of TBT or Rosi, were predisposed to become
adipocytes. MSCs derived from animals treated with obesogens were about twice as likely to
differentiate into adipocytes in culture by comparison to control cells, and this frequency was
increased thereafter with in vitro treatment with TBT or Rosi (Kirchner ef al., 2010). The
ability of these cells to differentiate into bone cells was consequently inhibited (Kirchner et
al., 2010). In these in vitro studies it has been shown that the ability of TBT or Rosi to induce
adipogenesis from MSC (Kirchner et al., 2010) or 3T3-L1 preadipocytes (Li et al., 2011) was
entirely dependent on the activation of the PPARy and RXR (Kanayama et al., 2005). TBT
also shows an obesogenic effect via ER in mice, but it seems to depend on the concentration
of TBT (Penza et al., 2011). TBT induced a strong accumulation of lipids in cell cultures, but
a PPARYy antagonist fails to inhibit the effect of TBT and it has been concluded that TBT does
not pass through PPARYy (Inadera and Shimomura, 2005). This assumption is in contradiction
with more recent work on the role of TBT as adipogenesis inducing factor (Kirchner et al.,
2010). It should be noted that almost all of these works are done with cell cultures and does
not reflect the situation found for adipocyte cells in vivo. The aim of the work presented in
Chapter III was to clarify the in vivo mode of action of TBT on the WAT using the zebrafish

model.

4. Biological model

4.1. The use of zebrafish as a model system.

The zebrafish (Danio rerio) is a teleost fish of the Cyprinidae family belonging to the

order of Osteichthyes includes nearly 6 500 species. It is a tropical freshwater fish native to

184



the Ganges delta (north-eastern regions of India). Natural habitats of these fish are rice fields,
backwaters and small slow rate watercourses. It is part of poikilothermic animals and has an
optimum temperature at about 28 ° C. It is an omnivorous fish measuring an average of 4 to 5
cm in adulthood. It is sexually dimorphic in adulthood visible at 3 months (Figure 32). It is
easy to rise and very inexpensive. It is an oviparous animal whose females can lay up to a
hundred eggs from ovarian cycle lasting about 10 days. Male fish can be differentiated from
female fish because the latter have an oviduct papilla at the ano-urogenital level just before
the anal fin, as well as their shape and color characteristics. The observation of the
morphogenesis Danio rerio is facilitated by the development outside of the body females.
This allows minimally invasive in vivo observations due to the transparency of the

embryos/larvae until a relatively late stage of development.

Figure 32. Pictures representative of an
individual female or male zebrafish (Danio
rerio).

Teleost fish go through three major nutritional phases during development. These
phases are distinguished by the origin of nutrients used (Figure 33). Between fertilization and
4 dpf, this is the phase of endogenous nutrition. The embryo and the larva develop through the
reserves contained within the yolk sac. After the opening of the mouth between 4 and 5 dpf,
the larvae are able to ingest exogenous food and nutrition mixed phase (or endo-exogenous) is
set up in which the larva exhausts its yolk reserves and simultaneously consume a suitable
exogenous food. This period ends with the complete absorption of yolk reserves to 7-8 dpf.

Subsequently, the strictly period of exogenous nutrition is taking place.

The zebrafish is a model recognized and widely used in molecular genetics of
vertebrate development, medical genetics, toxicology and pharmacology (see e.g.
Jagadeeswaran, 2005; Sullivan and Kim, 2008; Raldua and Babin, 2009; Fraysse et al ., 2006;
Berghmans et al., 2008, Jones et al., 2008; Holttd-Vuori et al., 2010). The popularity of the
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zebrafish comes from the many advantages it has over other models such as the mouse or the
rat: its small size, a high fecondity, a very short generation time, and also a large number of
fish that would be maintained in a reduced space. Plus it is less expensive to maintain than
many of the other popular models. All this facilitates are used especially when there is a need
for a large-scale screening of molecules. Other benefits of using the model are a fully
sequenced genome, a large number of transgenic lines available, a very large community of
researchers and a remarkable knowledge of the model (e.g. 17,867 entries in PubMed Nov. 2,

2012).

Embryo Larva Juvenile Adulte
Fecondation Mouth opening
Eclosion
% 7 v
Days o 2-3dpf 5 dpf 7-8 dpf 21 dpf 2-3 mpf
# I
Vitellus >
—_— —>
Endogenous phase | Endo-exogenous phase Exogenous phase

Figure 33. Nutritional phases during zebrafish development.

In pharmacology, experiments have shown that cardiovascular drugs, anti-angiogenic
and anti-cancer teartments on zebrafish embryos have responses comparable to those in
mammals (Langheinrich, 2003). All data indicate that the zebrafish is a useful organism for
different types of pharmacological studies (Figure 34), such as screening of chemical
libraries, guide the validation and optimization studies, modes of action molecules, analysis of
gene expression, predictive toxicology and teratogenicity, pharmacogenomics and
toxicogenomics (Langheinrich, 2003). This model has several advantages for

pharmacological studies compared to studies on in vitro cell cultures and in vivo in rodents.

The zebrafish is recommended in regulatory aquatic ecotoxicity tests. In addition, this
model is recognized in the context of endocrine disruption (Segner, 2009). In fact, it is used

both for screening endocrine active substances but also for the identification of their effects
186



and the study of their mechanisms of action at different levels of biological organization
(Segner, 2009). Among these studies, the work of D. Raldtia and his collaborators on the
disruption of the functioning of the thyroid gland in the embryo and larval by synthetic or
natural origin chemical molecules should be noted (Raldiia and Babin, 2009; Thienpont ef al.,

2011; Raldua et al ., 2012).

-
bone hpids motoneurons /‘

heart/muscles

Apoplosis vascular system

Figure 34. Diagram showing some possible pharmacological tests using zebrafish as a model
(after Langheinrich, 2003).

4.2. Lipid metabolism and adipocyte lineage ontogeny in

zebrafish.

The zebrafish is a very relevant model for studying lipid metabolism in vertebrates
during development and in the adult because of the experimental facilities attached to the

model and a lipid metabolism similar to that of mammals (see e.g. Babin and Vernier, 1989;
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Babin et al., 1997, André et al., 2000, Farber et al., 2001; Marza et al., 2005; Morais et al.,
2007; Raldua and Babin, 2007; Babin and Gibbons, 2009 Flynn III et al., 2009; Oka et al.,
2010; Holtta-Vuori et al., 2010; Tingaud-Sequeira et al., 2011; Tingaud-Sequeira ef al. 2012).
Obesity induced by food can be obtained with this model (Oka et al., 2010; Song and Cone,
2007). Most of the key genes of lipid metabolism have been characterized in zebrafish,
including NRs. In addition, response to inhibitors of lipid metabolic pathways generally is

similar to that obtained in mammals.

The global obesity epidemic requires a better understanding of developmental and
environmental factors that affect lipid storage in adipocytes. Tranparence of the zebrafish to a
relatively advanced stage of development allows us to study the mechanisms and factors

involved in the establishment of the adipocyte lineage and its modulation.

Recent work has allowed visualizing adipocytes in vivo in the zebrafish with Nile Red
vital staining (Flynn III et al., 2009; Tingaud-Sequeira et al. 2011). TAG present in the
adipocyte lipid droplets are colored and visualized and quantified with a fluorescence
microscope. These studies have shown that visceral adipocytes are first and appear during the
larval period around the swim bladder and increase in number and distribution with larval
growth (Flynn III et al., 2009). Adipocyte differentiation is dependent on the growth of the
animal and is not correlated with age (Imrie and Sadler, 2010). Structure WAT in zebrafish is
similar to that found in mammals (Figure 4) (Flynn III et al., 2009; Tingaud-Sequeira et al.
2012). The expression of PPARy is an indicator of the development of adipocytes during
development (Flynn III et al., 2009). Many works in mammals have shown that this gene has
a key role in the development of WAT and could be a prime target for therapeutic treatment

(Farmer, 2005; Tontonoz and Spiegelman, 2008).

5. Scientific background and objectives of the thesis

Diet and certain xenobiotics can alter endocrine signaling and lipid homeostasis,
which may in some situations cause excessive deposition of fat reserves in the WAT. Detailed
understanding of hormonal and lipid metabolisms underlying lipid homeostasis has made

considerable progress in recent decades. This was achieved in particular by a characterization
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of molecular players involved and the use of cellular and animal models such as rodents.
However, the use of these models faces two main difficulties. Cellular models cannot account
for complex in vivo cellular and metabolic interactions and maintenance and differentiation of
adipocytes in cell culture require the use of cocktails of hormonal and growth factors which
may not correspond to the actual situation observed by cells in vivo. In addition, the
development in utero of rodent does not facilitate investigations on how the implementation
of the adipocyte lineage occurs during development and how it is modulated by endogenous
and exogenous factors. For two main reasons, there is necessity to have access to an animal
model that would easily study in vivo the development of the adipocyte lineage and its

qualitative and quantitative modulation.

In this context, my thesis consisted in a first time period to perform work on the
characterization of the establishment of the adipocyte lineage during zebrafish development.
These results are not shown in the context of this thesis manuscript. This area of research is
the subject of a competition between several research teams. Following the publication of the
work of the team of J. Rawls (Flynn III ez al., 2009) and that of KC Sadler (Imrie and Sadler,
2010), we decided to proceed to the second stage of the work program, i.e. to study the effects
of exogenous factors on the in vivo modulation of adipocyte physiology and WAT deposition

and mobilization.

The main objectives of the work have been:

- To develop a simple and rapid method, by using the zebrafish model to study in vivo the
effects of diet, pharmacological molecules or certain environmental pollutants on the
dynamics of WAT. We have developed the "zebrafish obesogenic (ZO) test" in defining a
more rigorous way possible an experimental protocol which takes into account the critical
parameters to consider for such a test. This work is presented in Chapter II and has been
published in the Journal of Lipid Research in 2011 (Tingaud-Sequeira, Ouadah, Babin,
2011).

- To study the effects of certain molecules, already identified as potential obesogen or anti-

obesogen in mammals or whether not characterized for such potential, on zebrafish
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adiposity. We used the ZO test to perform a screening of these molecules. The results for

some of these molecules are presented in Chapters II to IV.

- To analyze the effect of interactions between molecules and the effect of nutritional
conditions. The results for some of the molecules studied are presented in Chapters II to

IV.

- To study and characterize the in vivo mode of action of one obesogen, the TBT, in order to
clarify the signaling pathway used in the adipocyte. The results are presented in Chapter I11
and are subject to a manuscript that will be submitted for publication (Ouadah-Boussouf

and Babin, 2012).

All work performed and results obtained allow proposing the zebrafish as an in vivo model
highly relevant to study the effects of food composition, chemical and pharmacological

molecules, including EDc, on WAT dynamics.
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Zebrafish obesogenic test: a tool for screening
molecules that target adiposity

Angele Tingaud-Sequeira, Nafia Ouadah, and Patrick J. Babin'
Maladies Rares: Génétique et Métabolisme (MRGM), University Bordeaux, F-33400 Talence, France

Abstract Dietary and xenobiotic compounds may alter
endocrine signaling and lipid homeostasis, thus inducing
obesity. We describe a short-term assay method, the zebrafish
obesogenic (ZO) test, for examining the effects of diet,
drugs, and environmental contaminants, singly or in combi-
nation, on white adipose tissue (WAT) dynamics in live lar-
vae. The ZO test is an intermediate step in obesity research,
between in vitro and rodent assays, and may be also used to
study the effect of environmental toxicants on the adiposity
of aquatic species. The procedure, using Nile Red (NR)
fluorescent probe to reveal adipocyte lipid droplets, is suit-
able for pharmaceutical or toxicological screening. Larvae
treated at an environmentally-relevant concentration of
tributyltin chloride (TBT), an environmental obesogen, ex-
hibited a remarkable increase in adiposity, irrespective of
the lipid composition of the background diet. Exogenous
compounds, e.g., rosiglitazone or TBT, known to increase
adiposity in the fasting state, were classified as obesogenic.
Anti-obesogenic compounds favored a decrease in adiposity
in the fasting state.li The ZO test, using adipocyte lipid
droplet size and adiposity as its endpoints, is a whole-organ-
ism alternative testing assay for obesogenic and anti-obesogenic
compounds and mixtures and provides relevant informa-
tion for environmental and human risk assessments.—
Tingaud-Sequeira, A., N. Ouadah, and P. ]J. Babin. Zebrafish
obesogenic test: a tool for screening molecules that target
adiposity. J. Lipid Res. 2011. 52: 1765-1772.

Supplementary key words obesity ® adipose tissue ® tributyltin ® endo-
crine disrupting chemicals ® Nile Red ¢ adipocyte ® lipid droplet ® or-
ganotins ® human risk assessment

Obesity is the result of interplay between genetic and
environmental factors and is characterized by excess fat
storage in white adipocytes. Due to the increasing preva-
lence of obesity all over the world, research into this issue
has become one of the main public health priorities. Food
quality and quantity is probably the main cause of obesity;
however, increasing evidence for environmental factors
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has recently been revealed, such as exposure to endocrine
disrupting chemicals (EDC) during early life (1, 2). Obe-
sogens are a special class of EDCs that target adipose tissue
formation and the lipid metabolism (2).

Overweight and obesity are characterized by overrepre-
sentation of white adipose tissue (WAT). Several studies
have investigated xenobiotic molecules able to modulate
adipogenesis and the adipocyte lipid metabolism. Some
obesity-causing chemicals are hypothesized to act as per-
oxisome proliferator-activated receptor-y (PPARYy) ago-
nists or estrogen receptor-o antagonists (2). In addition to
rodent assays, most of these studies used cell models and
focused mainly on adipocyte differentiation (3). The
Caenorhabditis elegans nematode was recently used as a
whole organism to screen for molecules able to regulate
fat storage (4). However, one limitation of this nonverte-
brate model is that the major fat storage compartment is
the intestine. Evidence supporting the action mechanism
of obesity-causing chemicals is under active investigation,
but there is not, as yet, any convenient in vivo method for
screening the obesogenic and anti-obesogenic molecules
that target vertebrate WAT.

Zebrafish, a model organism of vertebrate development
and organogenesis, is receiving increasing attention as a
model for human diseases, drug discovery, and toxicology
studies. Thus, zebrafish are increasingly used in drug-
screening assays as an intermediate step after cell-based
evaluation to prioritize drug candidates for conventional
animal testing, thus reducing the number and cost of
mammalian studies (5). Semitransparent zebrafish larvae
offer a unique opportunity to study the effects of mole-
cules on adipocyte biology and whole-organism adiposity
in live vertebrates, as data on WAT development are now
available for this species (6, 7). WAT is not found in em-
bryos and early larvae (6, 7), although these stages are sen-
sitive to fat metabolism effectors (8). An obesity syndrome

Abbreviations: API, average pixel intensity; EDC, endocrine
disrupting chemical; HFD, high-fat diet; NR, Nile Red; PPARy, peroxi-
some proliferator-activated receptor-y; SD, standard diet; SL, stan-
dard length; TBT, tributyltin chloride; WAT, white adipose tissue; ZO,
zebrafish obesogenic.
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may be induced at adult stages by genetic and dietary fac-
tors (9, 10).

We describe a simple, rapid zebrafish larva bioassay, the
zebrafish obesogenic (ZO) test, for in vivo assessment of
the potential impact of diet composition, chemical pollut-
ants, and drugs on white adipocyte lipid droplet size and
adiposity.

METHODS

Animals

All zebrafish experiments were conducted in conformity with
the Public Health Service Policy on Humane Care and Use of
Laboratory Animals using protocols approved by the Institutional
Animal Care and Use Committee of the Université Bordeaux 1
(UFR Biologie). Wild-type adult zebrafish (Danio rerio) were ini-
tially purchased from a commercial source (Exomarc, Lormont,
France). In some cases, the transparent casperline was used (11).
Embryos and larvae were obtained by natural mating and raised
in embryo water (90 pg/ml Instant Ocean [Aquarium Systems,
Sarrebourg, France], 0.58 mM CaSO,, 2H,0, dissolved in reverse-
osmosis purified water) at 28.5°C with an 11L:13D photoperiod.
Animal stages were recorded according to standard length (SL),
i.e., the distance from the rostral tip of the larva to the base of the
caudal fin. From five days postfertilization until they were used in
the ZO test, larvae were maintained in static 5 I tanks at a density
of around 30 larvae per liter and fed ad libitum with a commer-
cial formulated food adapted for zebrafish larvae (ZF Biolabs,
Tres Cantos, Spain).

Chemicals and larva treatment

Rosiglitazone (71740) and T0070907 (10026) were purchased
from SPI-BIO (Montigny le Bretonneux, France). Phenylephrine
(P6126) and tributyltin chloride (TBT) (T50202) were from
Sigma-Aldrich (St. Louis, MO). 1000x stock solutions of 1 mM
rosiglitazone, 10 mM T0070907, and 0.05 mM TBT were pre-
pared in DMSO on the day of the experiment. A 20 mM stock
solution of phenylephrine was prepared in purified water. The
three-day animal treatment protocol included adiposity record-
ings before and after chemical treatment (Fig. 1). Larvae with an
SL between 7.5 and 9 mm were selected for enrollment in the
70 test and incubated individually in glass containers containing
25 ml water. There was no significant variation in SL during the
three-day experimental period. The first day of the protocol was
devoted to ad libitum feeding with a standard diet (SD) for late
larvae (TetraMin Baby, Tetra GmbH, Melle, Germany) or hard-
boiled chicken egg yolk as a high-fat diet (HFD), with food re-
maining inside the container at the end of the period. It was not

possible to detect differences in feeding rates between SD and
HFD fish, and large amounts of food were detectable in the lu-
men of the intestine under the microscope, irrespective of the
nutrient used. Total fat content by weight of SD and HFD was
10% and 55%, respectively. The starvation period started on the
second day and initial adiposity was measured at the end of the
second day using Nile Red (NR) staining and fluorescence mi-
croscopy or triacylglycerol content (see below). Each group of
animals consisted of 10 larvae of similar size and initial adiposity.
They were incubated individually in glass containers containing
25 ml medium and remained in the fasting state under static con-
ditions during exposure to selected compounds or vehicle alone
(0.1% DMSO) for one additional day. No mortality was observed
at the concentrations used in either control or 24 h exposed ani-
mals. Final adiposity in exposed and control animals was re-
corded after 24 h using NR staining and fluorescence microscopy.
Apart from changes in adiposity levels, there was no apparent
qualitative behavioral or morphological phenotype associated
with these dietary and pharmacological treatments.

Nile Red staining

A 500 pg/ml stock NR (N3013) (Sigma-Aldrich) solution was
prepared in acetone. Just before use, the working solution was
obtained by 1/100 dilution of the stock solution in fish water.
Live fish were then exposed to NR working solution in the dark
for 30 min at 28°C. Under these conditions, adipocyte NR stain-
ing was saturated, as the intensity of the fluorescent signal did
not increase after longer exposure. The fish were then rinsed
twice with fish water for 5 min, anesthetized in 2-phenoxyethanol
(P1126) (Sigma-Aldrich) diluted 1,/2000 in fish water for 5 min,
and observed under a fluorescence microscope. NR staining was
performed twice, once before the one-day exposure period, to
measure initial adiposity, and again afterwards, to measure final
adiposity. The initial staining dissipated to background levels be-
fore the second staining (data not shown).

Quantitative analysis of whole-mount fluorescence signals

Image acquisition quality is a critical point for further analyses,
and the presence of food inside the intestinal lumen may inter-
fere by quenching signals from NR-labeled perivisceral WAT. As
24 h starvation is sufficient to empty the zebrafish larva digestive
tract, all fish processed for image analyses were starved for that
period prior to NR staining. Differential interference contrast
and fluorescence images were obtained on anesthetized larvae
using a Nikon Eclipse E1000 (Nikon, Champigny sur Marne,
France) microscope fitted with Nomarski optics and a Nikon
Intensilight C-HGFI unit. Larvae were imaged in water and re-
turned to the medium within approximately 1.5 min. A TRITC
filter (EX 540/25, BA 605/55) was used for differential interfer-
ence contrast and fluorescence image superposition (Fig. 2A)

0 2 3 days
Exposure
. -
Standard diet FYS——— Starvation |
t Adiposity t

Initial Measurement  Fipga

Fig. 1. Diagram of the ZO test protocol used to prepare larva exposure and measure adiposity. Zebrafish
larvae were nourished with SD during their growth and then divided into two groups. The first one received
SD for one day and the second HFD for one day. This was followed by a one-day starvation for both groups.
Larvae were then exposed to the selected compounds or to vehicle alone for one additional day in a fasting
state. Whole-body adiposity was measured, using Nile Red staining and fluorescence signal quantification,
before and after exposure to the compounds. Evaluations were carried out on control animals at the same

times.
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Fig. 2. In vivo quantitative assessment of WAT in zebrafish larvae. A: Lateral view under a fluorescence
microscope after NR staining, using a TRITC filter. Anterior part to the right and dorsal part to the top. SL
of the larva was 8.2 mm. B: Lateral view of the same animal under an HQ-FITC-BP filter with adipocytes
stained green. C: Relationship between WAT fluorescence area after NR staining and larva SL. D: Relation-
ship between triacylglycerol content per larva and larva SL. A total of 88 larvae were selected, with a broad
distribution of SL, from 5 to 13 mm. Larvae, on a SD background, were starved for one day before sampling.
Scale bar, 1 mm. ai, anterior intestine; e, eye; pf, pectoral fin.

and an HQ-FITC-BP filter (Ex 460-500, BA 510-560) for fluores-
cence quantification (Fig. 2B). Images were acquired with a
Nikon DXM1200 camera and LUCIA G software (version 4.81)
and saved in high-resolution (3,840 x 3,005 pixels) tagged image
file format (TIFF). All image series for quantification were ob-
tained at the same settings. Quantitative analysis of NR fluores-
cence signals was performed using free-processing Image]
software (National Institutes of Health, http://rsb.info.nih.gov/
ij/), according to the protocol previously described (12). Three
images (head, trunk, and tail) were recorded per larva at the
magnification used. The images were combined to produce an
overall view of the larva for fluorescence quantitation (Fig. 2B).
Background fluorescence was estimated by analyzing average
pixel intensity (API) values in image areas that did not contain
any WAT, i.e., the background threshold, and this background
was calculated individually for each image. To calculate the back-
ground levels, the images were first converted to 8-bit grayscales,
inverted, and thresholded. WAT and individual adipocytes were
then selected using the “wand tool” function of the computer
program. Selected areas were transferred to the original three-
channel image (red, green, and blue), the inverse selection was
created, and the API for the background was calculated. This
background threshold was then removed by subtracting the back-
ground API from each pixel in the image. Selected WAT areas,

including individual adipocytes, were transferred to the sub-
tracted image, and finally, the API of the selected areas was calcu-
lated (see ref. 12 for more details). Signal area and intensity were
measured and expressed in arbitrary units. FocalCheck™ fluo-
rescence microscope test slide 1 (Invitrogen) was used to evalu-
ate microscope excitation-source stability by plotting the area
and signal intensity of the beads over time. Periodic imaging of
microbeads using the same acquisition parameters did not reveal
any differences (P> 0.05) over at least a two-day period, demon-
strating the stability of the excitation source (ref. 12, data not
shown). The analytical precision of the quantification method
was determined from blind duplicate pairs of NR fluorescence
signal areas and was defined as the mean absolute difference be-
tween duplicates divided by the mean of the duplicates times 100.
The precision value was 0.49%.

Triacylglycerol assay

The area and intensity of NR fluorescence signals were re-
corded for each larva and were then processed to assay the whole-
body triacylglycerol content using a previously described protocol
(13) with modifications. Animals were starved for 24 h before NR
staining and euthanasia to avoid any contamination from food
triacylglycerols in the digestive tract. Glass tubes were used
throughout triacylglycerol extraction. Briefly, whole animals

Zebrafish obesogenic test 1767

T1T0Z ‘8T 1snbny uo “1sanb Aq 610" Jj:mmm wolj papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

>

n
=
g

r=0.9514, p < 0.0001

-
o
o

-
=]
s

Adipose tissue intensity (a.u.)
134
(=}

00 100 200 300 400
Adipose tissue area (a.u.)
B
200+
r =0.8299, p < 0.0001
150
100

o
o
X

Adipose tissue intensity (a.u.)

0

0 100 200 300 400 500 600
Triacylglycerols (ug/fish)

(¢}

S
o
[=]

r=0.8577, p < 0.0001

w

(=3

o
.

Adipose tissue area (a.u.)

0 ] 100 200 300 400 500 600
Triacylglycerols (upg/fish)

Fig. 3. Relationship between WAT fluorescence intensity and area
after NR staining and triacylglycerol content per larva. A total of 88
larvae were selected, with a broad distribution of SL, from 5 to 13 mm.
Larvae, on a SD background, were starved for one day before sam-
pling. Adipose tissue intensity and area values were expressed in
arbitrary units (a.u.). A: Relationship between adipose tissue fluo-
rescence intensity and area after NR staining of live zebrafish larvae.
B: Triacylglycerol content per larva was plotted against WAT fluores-
cence intensity. C: Triacylglycerol content per larva was plotted
against WAT area values. The slopes of the calculated linear regres-
sions were significantly different from zero at P < 0.0001, and the
variables were significantly correlated, with nonparametric Spear-
man correlation (P, two-tailed) as shown on the graph.
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were homogenized mechanically in 400 pl homogenizing buffer
(PBS, pH 7.4, containing 10 mM EDTA). Homogenates were
transferred to tubes containing 2 ml isopropanol:hexane (4:1)
solution. After shaking, samples were left in the dark for 30 min.
Hexane:dietheylether (500 pl,1:1) solution was then added. Sam-
ples were mixed and left in the dark for 10 min. One milliliter
water was then added, samples were mixed and left standing until
the two phases separated (20 to 30 min). Eight hundred microli-
ters of the supernatant were transferred to new tubes and pro-
cessed until complete evaporation. Two hundred and fifty
microliters of colorimetric reagent were added per tube, and the
triacylglycerol content was evaluated by microassay, using a com-
mercially available kit (Biolabo S.A., Maizy, France). In parallel, a
standard curve was plotted using 0, 10, 20, 30, 40, and 50 pg trio-
lein in 400 pl homogenizing buffer. Added triolein was extracted,
processed, and treated identically to the other samples. The re-
action was allowed to develop at 37°C for 1.5 h, with shaking at
220 rpm. Only samples within the standard curve were taken into
account for data analysis.

Statistics

All statistical analyses were conducted using SPSS 17.0 micro-
computer software (SPSS, Chicago, IL). At least three indepen-
dent experiments were performed per condition with 10 larvae
per group. To offset the variability among independent experi-
ments in terms of the decrease in adiposity in control groups af-
ter a one-day starvation period and to have a view of negative or
positive quantitative variations from initial adiposities, values pre-
sented in graphs are mean + SEM of representative experiments.
This procedure did not preclude highly reproducible absolute
differences in adiposity between control and chemically treated
groups in independent similar experiments. Normality of the dis-
tribution was assessed using the Shapiro-Wilk test (0.01% risk).
Levene’s test was used to verify the equality of variances. In ex-
periments comparing a control and a chemically treated group
with animals that received the same background diet, the statisti-
cal significance of difference in mean values was determined by
Student’s ttest. In experiments combining PPARy agonist and
antagonist and their controls, the statistical significance was de-
termined by single-factor ANOVA followed by the post hoc Dun-
nett’s test. A Pvalue of 0.05 or less was considered significant. In
the experiment combining rosiglitazone or TBT treatment with
HFD, we used the univariate general linear model to check the
individual effect of each factor and to determine whether there
was any interaction between factors.

RESULTS AND DISCUSSION

The first step was to perform in vivo staining of zebrafish
adipocytes with vital NR using a rigorous feeding proto-
col (Fig. 1). As previously described, NR was found to be
a selective fluorescent vital dye for adipocyte intracellu-
lar lipid droplets (6, 14). Relationships between WAT fluo-
rescence area and SL and between triacylglycerol content
and SL were established (Fig. 2C, D). The adipose tissue
signal area was strongly correlated with intensity in larvae
with an SL of 5 to 13 mm (Fig. 3A). There was also a very
good correlation between whole-mount NR fluorescence
adipose tissue signal intensity and area and whole-larva
triacylglycerol content (Fig. 3B, C). During postembryonic
zebrafish development, WAT appearance is correlated
with size rather than age (7). We found that larvae suitable
to the ZO test had to have an SL between 7.5 and 9 mm to
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obtain an adipose tissue fluorescence area ranging from
10 to 60 arbitrary units after NR staining. These values
were within the linear range between adipose tissue fluo-
rescent area and triacylglycerol content of individual lar-
vae (Fig. 3C). In this SL range, the main anatomic locations
of WAT were established (Fig. 2B). The main perivisceral
WAT mass spreads from the anterior dorsal limits of the
general/visceral cavity to the rectum, above and around
the two swim bladder chambers, closely associated with
the first loop of the anterior intestine, as well as the poste-
rior intestine, close to the rectum. Other main locations
are at the base of the pectoral fins, surrounding the eyes
(individual adipocytes or clusters), and in the dermis of
the tail.

We then investigated the effect of starvation and initial
diet lipid content on the adiposity of live animals. Under
the experimental conditions used, individual adipocytes
were easily identified under the microscope, and their size
was rapidly sensitive to the conditions applied. Zebrafish
larvae were fed SD or HFD for one day, starved for one
day, and then exposed or not to the chemicals for one ad-
ditional day in starved condition (Fig. 1). HFD induced an
increase in NR lipid staining in the blood vessels of the
larvae after feeding (Fig. 4D), which gradually returned to
basal levels during fasting (Fig. 4B, F, H). These variations
in NR staining in the circulatory system were not observed
in SD larvae (Fig. 4A, C, E, G). A one-day starvation in the
presence of 0.1% DMSO as a vehicle control induced a
decrease in whole-body adiposity, as evaluated by NR fluo-
rescent staining (—19.77 = 1.87% in SD versus —11.83 +
0.93% in HFD background, P< 0.005, n = 10 independent
experiments analyzed).

Given these findings, the ZO test was used to study WAT
dynamics after exposure to pharmaceuticals and environ-
mental pollutants in interaction with the initial diet lipid
content. Food intake ability and/or nutrient absorption at
the intestinal level may be altered during exposure to exog-
enous molecules. In addition, the presence of food inside
the intestinal lumen may interfere by quenching signals
from NR-labeled perivisceral WAT. We found that starting
starvation one day before exposure to compounds and ex-
tending it throughout the exposure period avoided any
interference by these confounding factors, thus focusing
on the exogenous compound’s effect on adiposity regula-
tion. However, it was still possible to study the interaction
between the initial diet composition and the chemicals
used, as nutritional history has proved to be a significant
factor in the effects of these molecules (see below). The
following compounds were selected: 7) T0070907 used as a
PPARvy antagonist (15, 16), ) phenylephrine used as an
al-adrenergic receptor agonist capable of eliciting an in-
crease in lipolytic activity of human WAT (17), i) rosiglita-
zone as a member of the thiazolidinedione family used for
type II diabetes treatment and a well-known potent PPARy
agonist (16), and ) TBT, a biocide found in antifouling
paints capable of binding to PPARy but also to its heterodi-
meric partner retinoid X receptor (18, 19). The whole-
body adiposity dynamics of each larva were expressed as
percentage decrease or increase in NR fluorescence signal

Fig. 4. The effect of lipid content of the diet on Nile Red fluores-
cent signal in the circulatory system of live larvae. Lateral view un-
der a fluorescence microscope after NR staining. Anterior part to
the right and dorsal part to the top. Images of the head region of
representative larvae enrolled in ZO test represent animals initially
nourished for one day on SD (A, C, E, G) or HFD (B, D, F, H) diet.
A, B: Before feeding. C, D: At the end of the one-day feeding pe-
riod (day 1). E, F: At the end of the one-day fast (day 2). G, H: After
two days of fasting (day 3). See Fig. 1 for details of ZO test diagram.
Initial SL of the larva was 8.9 mm in (A) and 8.8 mm in (B). Adipo-
cytes are stained green, and the positions of selected blood vessels
that may be labeled on HFD are indicated by white arrows. Scale
bar, 200 pm. e, eye.

areas after the one-day exposure period. The results of rep-
resentative experiments are depicted in Fig. 5. Exposure to
T0070907 (Fig. 5A) and phenylephrine (Fig. 5B) caused a
decrease in adiposity compared with controls on an SD nu-
trient background. These exogenous compounds favored
a decrease in adiposity in the fasting state and were classi-
fied as anti-obesogenic. In SD fish, rosiglitazone demon-
strated the ability to prevent adiposity loss in the unfed
condition (Fig. 5C). Adiposity even increased after this
treatment on an HFD background (Fig. 5C). Compared
with controls, Rosiglitazone-treated larvae had 16.09% =
2.17 more adiposity than controls on an HFD background
(n =5 independent experiments). In addition, the ZO test
made it possible to monitor individual adipocytes in vivo
at higher magnification (Fig. 6). As in other vertebrates,
zebrafish-differentiated adipocytes were unilocular (6, 7).
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Fig. 5. ZO test as a tool for screening molecules and nutritional
factors that target adiposity in living zebrafish. A, B: Molecules with
a lipogenic (anti-obesogenic) effect. C, D: Molecules with an adipo-
genic (obesogenic) effect. Quantitative analysis was performed by
recording the image area of NR fluorescence signals. WAT dynam-
ics is expressed as a percentage of initial adiposity value. Represen-
tative experiments are presented. Quantification was assayed in the
presence of 0.1% DMSO as a vehicle control or 0.1% DMSO plus
the molecule to be tested at the indicated concentration on an SD
or HFD background. T0070907 (A) and phenylephrine (B) expo-
sure induced a decrease in adiposity compared with control groups
on SD, whereas no significant difference was found on HFD.
Rosiglitazone exposure induced a smaller decrease in adiposity
compared with controls on an SD background, whereas an increase
in adiposity was observed on an HFD background (C). TBT in-
duced an increase in adiposity, irrespective of the lipid content of
the diet (D). Rosiglitazone-induced adipogenesis was additive to
the effect of a high-fat diet (C). TBT, an environmental contami-
nant, also had an additive effect and was strongly obesogen at
this environmentally relevant level (D). Values are mean + SEM,
n = 10 animals per group. *P < 0.05, #*P < 0.01, ***P < 0.005,
#EEEP < 0.0005 by comparison of means using the same back-
ground diet.

Whereas control larvae exhibited a decrease or disappear-
ance of NR-stained lipid droplets (Fig. 6A, C), rosiglitazone
induced an increase in droplet size (Fig. 6B, D). The effect
of rosiglitazone was completely abolished by PPARy antag-
onist T0070907, indicating that rosiglitazone had a specific
effect on adipocyte hypertrophy (Fig. 7).
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Control

Rosiglitazone 1 uM

Fig. 6. Invivo adipocyte lipid droplet dynamics using the ZO test.
Representative clusters of individual adipocytes from live unfed lar-
vae were selected after NR staining, and images were recorded
from the same animal before (A, B) and after (C, D) a 24-h expo-
sure to the compounds. Adipocytes are stained green. C: Control
larva recorded in (A) (SL = 8.9 mm) exposed to 0.1% DMSO, used
as a vehicle control. D: Rosiglitazone-treated larva recorded in (B)
(SL = 8 mm) exposed to 0.1% DMSO plus 1 pM rosiglitazone.
Transparent casper line was used to avoid any pigmented cell opti-
cal artifact at the magnification used. Whole-body variations in ini-
tial versus final adiposity of the two selected animals were —5.6%
and +5.6% in control and rosiglitazone-treated animals, respec-
tively. Scale bar, 150 pm.

TBT is a recognized environmental obesogen (19-21).
Larvae treated at an environmentally relevant concentra-
tion (22-24) exhibited a remarkable increase in adiposity,
irrespective of the lipid composition of the background
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Fig. 7. ZO testasa tool for studying molecular mechanisms underly-
ing adiposity dynamics in living zebrafish. Quantitative analysis was
performed by recording the image area of NR fluorescence signals.
WAT dynamics is expressed as a percentage of initial adiposity value. A
representative experiment is presented. Quantification was assayed in
the presence of 0.1% DMSO as a vehicle control or 0.1% DMSO plus
rosiglitazone 1 pM or 0.1% DMSO plus rosiglitazone 1 pM and
T0070907 10 pM on an HFD background. Rosiglitazone-induced adi-
pogenesis was abolished by PPARy antagonist T0070907, indicating
that rosiglitazone had a specific effect on adipocyte hypertrophy. Val-
ues are mean = SEM, n = 10 animals per group. **#*P< 0.001 by com-
parison with control group using ANOVA and Dunnett’s test.
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Control

Tributyltin 0.05 uM

Fig. 8. In vivo adiposity dynamics under the effect of TBT using
the ZO test. Representative perivisceral WAT from live unfed lar-
vae were selected after NR staining and images were recorded be-
fore (A, B) and after (C, D) a 24-h exposure or not to the
compounds. Lateral view and anterior part to the right and dorsal
part to the top. Larvae on an HFD background were starved for
24 h before initial adiposity recording (see Fig. 1 for details of ZO
test diagram). C: Control larva recorded in (A) (SL = 8.2 mm)
exposed to 0.1% DMSO, used as a vehicle control. D: TBT-treated
larva recorded in (B) (SL = 8.1 mm) exposed to 0.1% DMSO plus
0.05 pM TBT. Adipocytes are stained green. Perivisceral and
whole-body variations in initial versus final adiposity of the two
selected animals was —23% and —19.14% in control and +12%
and +12.81% in TBT-treated animals, respectively. Scale bar, 500 pm.
ai, anterior intestine; pwat, perivisceral white adipose tissue; sb,
swim bladder.

diet (Fig. 5D and Fig. 8). Compared with controls, TBT-
treated larvae had 15.75% =+ 2.45 more adiposity than con-
trols on an HFD background (n = 5 independent
experiments). Statistical analysis using a univariate gen-
eral linear model of the effect of factors, rosiglitazone or
TBT treatment, combined with HFD, indicated that each
of these two factors had a significant effect (P < 0.0001).
However, there was no interaction between the chemical
and diet factors that resulted in an additive effect. The ob-
served effect of TBT was limited to WAT, as no significant
NR signal was found in the circulatory system, intestines
(Fig. 8), or other anatomic locations (e.g., liver and gall
bladder; data not shown). There is currently evidence to
suggest that prenatal exposure to TBT or rosiglitazone ac-
tivates the PPARvy, a key adipogenesis regulator (16),
thereby altering the fate of multipotent stromal stem cells,
predisposing them to become adipocytes (23, 25). How-
ever, due to its short-term, one-day window of exposure at
larval stage, the ZO test is probably not suitable for evaluat-
ing the potential of chemicals and drugs to induce adipo-
cyte hyperplasia. Adipocyte lipid droplet size results from
a balance between the actions of various physiological
stimuli and factors that promote triacylglycerol lipolysis
and those that promote lipogenesis, irrespective of the
mechanisms involved. HFD induced an increase in lipid
content in the circulatory system of the larvae compared
with SD, indicated by an increase in the NR signal after
feeding (Fig. 4). Consequently, the fatty acids available for
triacylglycerol synthesis may be more abundant, facilitat-

ing neutral lipid deposition in adipocytes even in the fast-
ing state. It should be pointed out that, at the time of initial
adiposity recording (i.e., after a-one day fast) and at the
image magnification and fluorescent microscope settings
used (e.g., the background subtracted method used),
there was no significant nonadipose NR fluorescence
signal likely to interfere with WAT quantitation (Fig. 2B,
Fig. 4F, Fig. 8). The nutritional condition used favored a
lipolysis state, as demonstrated by the decrease in lipid
droplet size in controls (Fig. 6A, C). However, exposure to
obesogenic molecules (e.g., rosiglitazone) induced an in-
crease in lipid droplet size, as evidenced on an HFD
background (Fig. 6B, D). Exogenous compounds (e.g.,
rosiglitazone or TBT) that increased adiposity in the fast-
ing state were classified as obesogenic.

In summary, our data demonstrated that zebrafish
larvae provided a suitable vertebrate model for screen-
ing chemicals and mixtures likely to impair adipocyte
fat storage and mobilization in interaction with diet
lipid content. The ZO test is an intermediate step in
obesity research, between in vitro and rodent assays,
and it also may be used to study the effect of environ-
mental toxicants on the adiposity of aquatic species.
One major advantage of the described method is that
the complex, dynamic, interactive, multi-organ events
that occur in vivo remain intact, thus making it easier to
characterize potentially obesogenic or anti-obesogenic
substances.Hl
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Abstract

Introduction: Overweight and obesity are defined as a disease in which abnormal excessive
body fat accumulation causes adverse effects on health. A proposed contributor to the rise in
obesity is exposure to endocrine disrupting chemicals (EDC’s). Obesogens are EDCs that
directly or indirectly may promote obesity by increasing fat storage in fat cells and/or the
number of adipocytes by altering the lipid homeostasis and the energy balance. The organotin
tributyltin chloride (TBT) induces adipogenesis in cell culture models and increases adipose
mass in vivo in two vertebrate model organisms, frogs and mice. It has been suggested that
TBT acts through use of peroxisome proliferator activated receptor (PPAR)y.

Methods: We recently designed the zebrafish obesogenic (ZO) test; adiposity is measured
using a fluorescent probe that stains lipid droplets (Tingaud-Sequeira et al., J. Lipid Res.
2011). Zebrafish is one of the most important models in environmental toxicology and is
rapidly becoming a major model for studies on human health and disease.

Results: Zebrafish larvae treated at environmentally-relevant nano molar concentrations of
TBT exhibited a remarkable increase in adiposity. By using the ZO test, we demonstrated that
PPARy/retinoid X receptor (RXR) heterodimers may be recruited to modulate adiposity in
living zebrafish but were not involved in TBT obesogenic effect. We found that RXR/RXR
homodimers and RXR/liver X receptor (LXR) heterodimers are in vivo effectors of the
obesogenic effect of TBT on zebrafish adipose tissue.

Conclusion: TBT acts in vivo to induce triacylglycerol storage in white adipocytes via

nuclear receptors LXR and RXR, and not via the PPARy and 6 isoforms.
Grant support: N.O. was supported by a predoctoral fellowship from the French Ministry of

Research and Education. This work was supported by the Conseil Régional d’Aquitaine
(200881301031/TOD project) to P.J.B.
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You will find below a resume and discussion of the manuscript content including the
final version of the Figures. The right place of this text is on Section 2 of Chapter 1IV. It has
been reproduced here in attend to have the definitive version of this manuscript. Sorry for the

inconvenience.

An obesogenic molecule can promote lipid deposition in adipocytes by disrupting lipid
homeostasis at one or multiple levels and may an ED from xenobiotic origin. It can substitute
for natural ligands blocking or over-regulating hormone receptors. They can also lead to a
disruption of hormone biosynthesis and consequently alter lipid homeostasis. Finally, an
obesogenic molecule can change the energy balance by inducing alterations in metabolic
programming during development and/or in processes controlling satiety (Griin and

Blumberg, 2009a, 2009b)

Among the molecules we screened with the ZO test, TBT has proven to be one of the
most powerful obesogen we have used and can induce its action at a concentration incredibly
low, of the order of nM (Figure 3, Chapter III, Ouadah-Boussouf and Babin, 2012). This
concentration is related to the concentration of TBT which can be measured in human blood.
For example, the average concentration observed in a study conducted in the USA in 1998
was 23.4 + 44.04 nM (Kannan et al., 1999). TBT can be considered obesogenic at
concentrations usually found in animal organisms for hormones. The data obtained on the
zebrafish larvae confirms that this molecule is one of the most toxic products ever introduced
by man into the environment. TBT is classified as one of the most powerful EDs (Evans et al.,
1995, Pereira et al., 1999; Ayanda et al., 2012) and was previously identified as highly
obesogenic (Kanayama et al., 2005 , Griin and Blumberg, 2009a; Griin et al., 2006a; Janesick
and Blumberg, 2012).

In vitro studies show that the ability of TBT or Rosi induce adipogenesis from
multipotent stem cells of the vascular stroma (MSCs) (Kirchner et al., 2010) or the
differentiation of 3T3-L1 preadipocytes (Li ef al., 2011) was dependent on the activation of
the heterodimer RXR/PPARY (Kanayama et al., 2005; Nishikawa et al., 2004; Nakanishi et
al., 2005, 2006; Nakanishi, 2007; 2008; Griin ef al., 2006a; Griin and Blumberg, 2006b). In
cell culture, TBT appears to bind to PPARy and operates in a competitive manner against
Rosi, by blocking the binding of the latter with the PPARy (Hiromori et al., 2009). TBT can

activate the heterodimer forms containing PPARa., /3 and y via their partner RXR (Le Maire

203



et al., 2009). Indeed, a covalent bond between the tin atom of TBT and cysteine 432 of helix
H11of the human RXRa can be established (Le Maire et al., 2009). Other authors have also
shown that TBT interacts with RXRs to influence the expression of genes regulated by
permissive heterodimers (Wang ef al., 2011). Moreover, imposex in gastropod molluscs can
be induced via RXR ligands similarly to the inductive effect of TBT (Castro et al., 2007,
Sousa et al., 2010; Lima et al., 2011; Stange et al., 2012).

The starting point of our investigations on the mode of action of TBT was using a
PPARy antagonist, the T0070907 because previous work carried out on cell cultures of 3T3-
L1 preadipocytes were shown that this antagonist could block the obesogenic effect of TBT
(Kirchner et al., 2010). This result was in contradiction with the work done previously on the
adipocyte line where a lack of blocking the action of TBT by the antagonist GW9662 of
PPARY was observed (Inadera and Shimomura, 2005). The lack of effect of GW9662 to block
the differentiation of preadipocytes would be due to the short half-life time of this antagonist
in cell culture. TBT can therefore carry out its work after activation of the heterodimer

RXR/PPARYy (Liet al., 2011).

Using Rosi as a positive control, we could show, by using the ZO test, that T0070907
blocks the action of thios well-known PPARy agonist (Figure 7 of Chapter II-Tingaud
Sequeira et al., 2011; Figure 4 of Chapter III, Ouadah-Boussouf and Babin, 2012). However,
the PPARYy antagonist is unable to block the action of TBT on zebrafish WAT (Figure 4 of
Chapter III, Ouadah-Boussouf and Babin, 2012). From this result, inconsistent with that
obtained in cell culture of preadipocytes, we investigated the in vivo mode of action of TBT

on the zebrafish WAT in order to characterize the NRs potentially involved.

NRs, and in particular their ligand binding site, are highly conserved during evolution.
This generally allows the use of specific agonists and antagonists in interspecies conditions.
Among some NRs known to regulate lipid metabolism, e.g. ER, PPARa, y and 6, RXR and
LXR, the use of specific antagonists resulted in a number of cases, compared to controls, by a
higher decrease of adiposity observed during fasting (Figure 1 of Chapter III, Ouadah-
Boussouf and Babin, 2012). This concerns T0070907 and GSK3787 respectively antagonists
and PPARy and 9, the UVI3003 used as an antagonist of RXR and GSK2033 used as an LXR
antagonist. The activity of these NRs may be modulated in vivo to modify the level of

adiposity in larval zebrafish. So we then focused our work on these NRs.
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As indicated in Chapter I (Part N° 2), RXRs represent mandatory heterodimerization
partner for many NRs (Mangelsdorf et al., 1990). RXR ligands can stimulate transcriptional
activation of their partners when it they are permissive receptors such as PPARs and LXRs
(Lefebvre et al., 2010). Using the ZO test, we showed that RXR/PPARy and RXR/LXR
heterodimers may be recruited as modulators of adiposity in larval zebrafish (Figure 2 of
Chapter III, Ouadah-Boussouf and Babin, 2012). Concerning the heterodimer RXR/PPARY,
separate use of the agonist of both partners of the heterodimer or both agonists simultaneously
shows an obesogenic effect and hypertrophy of adipocytes. PPARy is known for its
obesogenic effect on zebrafish, Xenopus and humans (Riu et al., 2011). It has been suggested
that this NR is a major target for obesogenic molecules (Kanayama et al., 2005; Janesick and
Blumberg, 2011). RXRs are also the target for obesogens and blocking this receptor by the
antagonist HX531 may have an anti-diabetic and anti-obesogenic effet. This antagonist could
inhibit hypertrophy of adipocytes derived from OLETF rats (Nakatsuka et al., 2012). Our
work shows that three different RXR agonists, fluorobexarotene, SR11237 and DHA had an
obesogenic activity that can be inhibited by the antagonist UVI3003. Our results show also
that inhibition of one of the partners of the RXR/PPARy heterodimer by its specific
antagonist, causes inhibition of the obesogenic effect of the agonist of the other partner. The
same result was observed with RXR/LXR heterodimer (Figure 2 of Chapter III, Ouadah-
Boussouf and Babin, 2012). This indicates that the fatness of the zebrafish larva can be

modulated by these NRs heterodimer forms.

A 24-hour exposure of zebrafish larvae according to the procedure of ZO test with
Rosi and GW501516, PPARy and PPARPB/d agonists, respectively, induced an increase in
adiposity compared to animals exposed to the vehicle (DMSO) alone. This is in agreement
with previous observations on the increase in the amount of lipids in cells in culture (Schmuth
et al., 2004; Kirchner et al., 2010). In both cases, this effect could be inhibited by specific
antagonists of these two NRs, T0070907 and GSK3787, respectively. These two antagonists
have no effect on the obesogenic effect of TBT observed by the ZO test suggesting that TBT
does not use PPARy and PPARP/o (Figure 4 of Chapter III, Ouadah-Boussouf and Babin,
2012 ). DHA and GW3965, respectively agonits of RXRs and LXRs, are obesogenic in the
same way as TBT (Figure 5 of Chapter III, Ouadah-Boussouf and Babin, 2012). The
antagonist of RXR, UVI3003, completely inhibits the effect of DHA and also the obesogenic
effect of TBT. GSK2033, an LXRs antagonist, completely inhibits the obesogenic effect of
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GW3965 but partially the effect of TBT. These results indicate that in WAT of larval
zebrafish, TBT achieves its obesogenic effect via RXR/RXR homodimers and LXR/RXR
heterodimers. RXR/PPARY heterodimers does not seem to be involved in the obesogenic
effect of TBT but have the potential to be recruited separately in the presence of TBT to
modulate adiposity in zebrafish (Figure 6 of Chapter I1I, Ouadah-Boussouf and Babin, 2012).

Our results indicate that TBT stimulates the deposition of TAG in zebrafish WAT by
activating RXR/RXR homodimers and RXR/LXR heterodimers. The schematic
representation of the signaling NR pathways involved in TBT-induced hypertrophic
adipocytes in living zebrafish is depicted in Figure 7 of Chapter III). This is consistent with
the hypothesis originally formulated by Inadera and Shimomura in 2005. The contradictory
results obtained by other authors by using cell cultures could possibly be explained by the
action of hormonal and/or growth factors present in the culture medium. It should be noted
that RXR/RXR homodimer may selectively bind to PPREs (Ijpenberg et al., 2004). In
addition, activation of LXRs is involved not only in lipogenesis but also in adipogenesis with
an expression of the adipocyte-specific genes in 3T3-L1 cells (Juvet et al., 2003; Seo ef al.,
2004). The unique counterpart to LXR found in the zebrafish genome is closer to human
LXRa that form [ (Archer et al.,, 2008). In mouse macrophage RAW264 cells the
transcriptional response to TBT is through the RXR/LXRa heterodimer (Cui et al., 2011),
indicating that these ED may also, in this cell type, use this heterodimer to carry out its action.
The terms of the TBT binding to RXRa are known (Le Maire et al., 2009), but there is no
data, to our knowledge, on the ability of TBT to link directly LXR.
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Figure 1. Identification of nuclear receptor antagonists able to decrease adiposity in live
zebrafish larvae. ZO test was conducted to larvae initially nourished with SD. WAT
dynamics is expressed as a percentage of initial adiposity value (see the Experimental
Procedures section for details about ZO test and quantitative analysis protocols). A
representative experiment is presented. Quantification was assayed in the presence in fish
water of 0.1% DMSO as a vehicle control or 0.1% DMSO plus the selected nuclear receptor
antagonist. The concentration of each antagonist used was 10 uM with the exception of
UVI3003 where 0.1 uM has been applied. In the conditions used, antagonists ICI182 to ER
and GW6471 to PPARa were unable to modulate adiposity by comparison to vehicle control.
T0070907 and GSK3787 used as antagonists of PPARy and PPARSY, respectively and
UVI3003 and GSK2033 used as antagonists of RXR and LXR, respectively were able to
decrease adiposity by comparison to vehicle control. Values are mean + SEM, n = 10 animals
per group. P = 0.085, *P < 0.05, **P < 0.001 by comparison with control group using
ANOVA and Dunnett’s test.
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Figure 2. RXR/PPARy and RXR/LXR heterodimers may be recruited to modulate
adiposity in living zebrafish. A) Characterization of RXR/PPARY heterodimer involvement.
B) Characterization of RXR/LXR heterodimer involvement. Representative experiments are
presented. ZO test was applied to larvae previously nourished with HFD. Quantification was
assayed in the presence in fish water of 0.1% DMSO as a vehicle control or 0.1% DMSO plus
the combination of the indicated compounds. DHA (1 uM) and UVI3003 (0.1uM) were used
as RXR agonist and antagonist, respectively. Rosiglitazone (1 uM) and T0070907 (10 uM)
were used as PPARy agonist and antagonist, respectively. GW3965 (1 uM) and GSK2033 (10
uM) were used as LXR agonist and antagonist, respectively. Values are mean + SEM, n = 10
animals per group. *P < 0.05, **P < 0.01, ***P < 0.001 by comparison with control group

using ANOVA and Dunnett’s test.
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Figure 3. TBT is a potent in vivo obesogenic compound effective at a nanomolar
concentration in live zebrafish larvae. A representative experiment is presented. ZO test
was applied to larvae previously nourished with HFD. Quantification was assayed in the
presence in fish water of 0.1% DMSO as a vehicle control or 0.1% DMSO plus TBT at the
indicated concentrations. Values are mean + SEM, n = 10 animals per group. **P < 0.01,

*#%P <0.001 by comparison with control group using ANOVA and Dunnett’s test.
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Figure 4. Antagonists to PPARY and § isoforms are not able to block the obesogenic
effect of TBT on white adipose tissue of live zebrafish larvae. 4, PPARy pathway. Values
are mean + SEM of five and four independent experiments of rosiglitazone and TBT treated
groups, respectively. B, PPARS pathway. Values are mean + SEM of three independent
experiments of GW501516 and TBT treated groups, respectively. ZO test was applied to
larvae previously nourished with HFD. Quantification was assayed in the presence in fish
water of 0.1% DMSO as a vehicle control or 0.1% DMSO plus the combination of the
indicated compounds. Rosiglitazone (1 uM) and T0070907 (10 uM) were used as PPARy
agonist and antagonist, respectively. GW501516 (1 uM) and GSK3787 (10 uM) were used as
PPARS agonist and antagonist, respectively. TBT was used at 25 nM. In each independent
experiment, n = 10 animals per group. *P < 0.05, ****P < (0.0001 by comparison with the

corresponding agonist treated group using one-tailed unpaired #-test.
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Figure 5. RXR/RXR homodimers and RXR/LXR heterodimers are in vivo effectors of
the obesogenic effect of TBT on zebrafish adipose tissue. 4, RXR/RXR pathway. Values
are mean + SEM of eight and seven independent experiments of DHA and TBT treated
groups, respectively. B, RXR/LXR pathway. Values are mean + SEM of four and six
independent experiments of GW3965 and TBT treated groups, respectively. ZO test was
applied to larvae previously nourished with HFD. Quantification was assayed in the presence
in fish water of 0.1% DMSO as a vehicle control or 0.1% DMSO plus the combination of the
indicated compounds. DHA (1 uM) and UVI3003 (0.1 uM) were used as RXR agonist and
antagonist, respectively. GW3665 (1 uM) and GSK2033 (10 uM) were used as LXR agonist
and antagonist, respectively. TBT was used at 25 nM. In each independent experiment, n = 10
animals per group. **P < 0.01, ****P < 0.0001 by comparison with the corresponding

agonist treated group using one-tailed unpaired #-test.
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Figure 6. RXR/PPARY heterodimers are not involved in the obesogenic effect of TBT
but have the potential to be recruited separately in the presence of TBT to modulate
adiposity in living zebrafish. ZO test was applied to larvae previously nourished with HFD.
Quantification was assayed in the presence in fish water of 0.1% DMSO as a vehicle control
or 0.1% DMSO plus the combination of the indicated compounds. LG100754 (0.1 uM) was
used as RXR homodimer antagonism and RXR heterodimer agonist. GSK2033 (10 uM) and
T0070907 (10 uM) were used as LXR and PPARY antagonists, respectively. TBT was used at
25 nM. Values are mean + SEM of three independent experiments with n = 10 animals per
group in each independent experiment. ***P < 0.001 using ANOVA followed by the post hoc
Tukey’s test.
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Figure 7 (Graphical abstract). Schematic representation of the signaling NR pathways
involved in TBT-induced hypertrophic adipocytes in living zebrafish. A plus symbol indicates
an agonist effect, a negative symbol an antagonist one. The question mark inside the TBT
graphic symbol indicates that there was incertitude about the ability of TBT to bind LXR.
Antagonist compounds have been used in a concentration range of the order of pM, while the
TBT was in a range of the nM. TBT was fully (+/+), partially (+/-) or no (-/-) obesogenic
according to the combination of agonists and antagonists used. A) TBT induced adipocyte
hypertrophia through RXR/RXR and RXR/LXR pathways. B) This effect was fully abolished
with RXR antagonist UVI3003. C) In the presence of LXR antagonist GSK2033, TBT was
partially active due to inhibition of RXR/LXR heterodimers while RXR homodimers were
still active. D) The obesogenic effect of TBT was not inhibited by PPARy antagonist
T0070907 precluding a role of RXR/PPARY heterodimer in TBT action. E) RXR/PPARYy
heterodimers were still active in vivo even after RXR/RXR and RXR/LXR pathway blockage.
These pathways were antagonized with LG100754 and GSK2033, respectively. However,
LG100754 was also a RXR heterodimer agonist that had the potential to recruit RXR/PPARY
and therefore induced hypertrophic adipocyte independently to the presence of TBT. This was
consistent with adipocyte hypertrophia induced by rosiglitazone treatment, a PPARYy agonistic
effect that was inhibited by T0070907 (not shown on the graph, see Fig. 4A). F) The agonistic
effect of LG100754 on RXR/PPARy heterodimer was also abolished by the PPARy
antagonist T0070907.
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GENERAL DISCUSSION,
PERSPECTIVES AND CONCLUSION
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1. Originality of ZO test and application for the identification of

obesogenic and anti-obesogenic molecules.

1.1. The measurement methods of adiposity.

There are several methods to estimate the amount of body fat in animals or humans.
The most used and the easiest to implement is BMI as discussed in Chapter 1. This index is
often used clinically to determine underweight, overweight and obesity. This index is
insufficient to finely characterize the distribution of WAT and therefore the shape of the
individual and the history of its weight change. It may still be a correlation between BMI and
fat mass (Micozzi et al., 1986; Leonhardt et al., 1987). There are other methods of displaying
the WAT, such as those involving the imaging (Shen et al., 2003). For small animal models,
experimental methods exist to measure the fat content. This includes invasive methods, e.g.
by measuring ex vivo fat deposition. This technique long and tedious does not provide a
complete dissection of all the fat body of the animal. The total lipid extraction with organic
solvents may be tempted, but again it is difficult to implement in the case of large
experimental series. Other non-invasive methods exist, for example, the X-ray photon
absorption or nuclear magnetic resonance. Each of these methods has a relative compromise
(Sasser et al., 2012). Called invasive methods used to obtain information on the distribution
of fat in organs or specific regions. However, the sacrifice of animals prevents an individual
assessment of longitudinal changes in adiposity according to a particular treatment. In
contrast, the non-invasive methods can have this longitudinal evaluation but give few details

on specific organs and regions because of their limited resolution (Sasser et al., 2012).

It should be noted that the quantification of lipids from cell cultures, cultures of
adipocytes for example, can be achieved by lipid extraction and quantification and/or by

staining the cells with Oil Red O or Nile Red.

After rigorously defined the nutrition protocol and suitable duration of exposure to
molecules, the compounds are directly dissolved, usually in the presence of DMSO in the
culture water fish. The skin of these animals in the larval stage is very thin which greatly

facilitates the diffusion of molecules inside the animal and its rapid distribution via the
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circulatory system. Mature adipocytes were unilocular and staining the lipid droplet, which is
almost exclusively composed of TAG is performed using the Nile red. This vital dye has a
specific fluorescence emission peak after excitation (Figure 34) (Greenspan and Fowler,
1985; Flynn et al., 2009; Romek et al., 2011). The protocol is to take a screenshot of the
fluorescence image of the larva before and after exposure to a given compound, exhibition
itself was preceded by a diet with a dietary lipid composition known. This protocol allows to
study, on one hand, the effect of exposure to a given molecule on the fat of the animal, but

also to assess the interaction between this effect and the nutritional history of the animal.

1.2. The ZO test.

The ZO test developed during this work is a simple, fast and reliable to evaluate the
effect of exogenous molecules alone or in a mixture, in interaction or not with dietary factors,
on zebrafish adiposity. This test uses the live larvae of zebrafish and its originality primary
draws from the use of a specific staining of neutral lipids present in adipocytes and easy
viewing by fluorescence microscopy because of the transparency of the animal's body. The
method employed allows vital individual monitoring of live animals. The small size of these,
allows for experimental series with a large number of animals, which allows large-scale

experiments and statistical analysis appropriate for the observed effects.

The analysis of the WAT fluorescence signal, even for deep body locations, is possible
because of the transparency of the larva at the used stages. The area or the intensity of the
fluorescence signal after Nile red staining was measured by computerized processing of
images (Imagel software (NIH), royalty-free) using a procedure similar to that previously
developed in the laboratory. This procedure is fully optimized andf routinely used in the
context of the implementation of another test developed by the team, the "T4
immunofluorescence quantitative disruption test" (TIQDT) (Raldua and Babin, 2009;
Thienpont et al., 2011; Raldta et al., 2012). In the case of ZO test, we demonstrated that there
is a highly significant correlation between the area and the intensity of the fluorescence signal
of the WAT and the amount of TAG assayed in biochemistry from whole larvae. The amount
of WAT present in the larva is related to the size of the animal and not for his age. A similar

observation has been published (Imrie and Sadler, 2010). The implementation of the ZO test
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must be carried out with larvae whose size is between 7.5 and 9 mm. This provides
fluorescence between 10 and 60 arbitrary units after Nile red staining for animals with
different locations of the WAT in place. The WAT is then disposed at visceral level, at the
base of the pectoral fins and caudal to the jaw and around the eyes, in the pericardial region,
and limited to the subcutaneous level (Figure 35A) (Flynn et al., 2009). The size range of
animals used keeps the fat from the skin to an acceptable level to allow visualization by
transparency of other body sites distribution of WAT. HQ-FITC filter-BP of fluorescence
microscope was used to minimize the maximum background noise during image capture

(Figure 35C) compared to the previously used TRITC (Figure 35B) (Flynn et al., 2009).

FITC ; Ex 460-500 BA 510-560

Figure 35. In vivo imaging of the fluorescence signal of adipocyte lipid droplets after staining
with Nile Red in living zebrafish larva. (A) The different locations of the WAT of the larva in
lateral view (after Flynn et al., 2009), (B) Side view under a microscope with a TRITC filter,
(C) Side view of the same animal in HQ-FITC filter-BP. (E), eye (SC) subcutaneous, (M),
jaw (V), visceral (P), pectoral, (C), caudal; (PC) pericardial area. Scale bar: 1 mm (after
Tingaud-Sequeira et al., 2011).

The ZO test provides an original and unique opportunity, not only for the visualization
of WAT in vivo in an animal model, but can also display longitudinal individual assessment

of specific WAT distribution and quantity (see for example Figure 8 of Chapter II, Tingaud-
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Sequeira et al., 2011). An in vivo analysis at adipocyte scale can also be achieved, which is a
remarkable progress, from our point of view, to study the in vivo dynamics of adipocytes and

the factors involved (see example in Figure 6 of Chapter II, Tingaud-Sequeira ef al., 2011).

Larval zebrafish allows studying the effect of diet quantity and content on the
dynamics of WAT in the short and long terms. The ZO test is especially dedicated to this
short term evaluation. A high-fat diet (55% fat) results in a rapid and highly significant
fluorescence signal in the bloodstream compared to the standard diet (10% fat) (Figure 4 of
Chapter II-Tingaud Sequeira et al., 2011). The protocol takes account the requirement of 24
hours of fasting before exposure to molecules to prevent quenching of the WAT perivisceral
fluorescence signal related to the presence of food in the lumen of the digestive tract (Figure
36). This fasting is not enough to drastically reduce the amount of fat circulating in the
bloodstream of animals fed a high fat diet (Figure 4 of Chapter II, Tingaud-Sequeira et al.,
2011).

Figure 36. Visualization of perivisceral WAT of larval zebrafish after Nile red staining and
observation under a fluorescence microscope. A) Larva 24 hours after food intake. B) Larva 3
hours after food intake. The difference in fluorescence observed in the digestive tract (white
circle) is the result of quenching of fluorescence due to the presence of food in the lumen of
the digestive tract.

Fasting of the larvae causes a very rapid decrease in body fat (Figure 37). This
decrease is dependent on the nature of the diet ingested. Control larvae treated with 0.1%
DMSO and initially fed with standard diet, losing 19.77 + 1.87% of their body fat in 24 hours,
whereas larvae fed initially with a food rich in fat lose only 11,83 £ 0.93% of their body fat
(Figure 36).
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Figure 37. Effect of diet lipid
composition on the percentage of fat

10 4 loss after the fasting of zebrafish larva.
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The opportunity to study the interactions between nutritional factors and exposure to
molecules that modulate adiposity is one of the most representative qualities of ZO test. We
illustrated as follows (Tingaud-Sequeira et al., 2011). PPARy is considered the key NR
regulator of adipogenesis (Tontonoz and Spiegelman, 2008) and can make the link between
obesity and type 2 diabetes (Janesick and Blumberg, 2011). Rosi is a well know PPARy
agonist and is able to induce adipocyte differentiation in cell culture at a concentration of
about 10 uM (Velebit et al., 2008). This agonist is able to quickly reduce the expression of
certain key enzymes of glucose metabolism in zebrafish larvae after treatment at a
concentration of 1 uM (Elo et al., 2007). TO070907 is a potent antagonist of PPARy and can
be used at a concentration of 10 uM in cell culture (Lee ef al., 2002; Tontonoz and
Spiegelman, 2008). We also tested another molecule, phenylephrine, which is involved in
another signaling pathway and is a al-adrenergic receptor agonist. This molecule is capable
of increasing lipolysis in the human WAT (Boschmann et al., 2002). T0070907 and
phenylephrine produce a significant lipolytic effect compared to controls when zebrafish
larvae were previously fed a standard diet; this effect could not be observed with a high-fat
diet (Figure 5 of Chapter II, Tingaud-Sequeira et al., 2011). Taking into account the past
nutritional history is an important criterion for identification of molecules with anti-
obesogenic nature. Larvae treated with Rosi increased their level of adiposity whichever the
diet initially applied (Figure 5 of Chapter II, Tingaud-Sequeira et al., 2011). Under the effect
of Rosi, the balance between TAG mobilization following the fast situation and lipogenesis is
oriented on lipid storage which results in an increase in the size of the lipid droplet present in
differentiated adipocytes (Figure 6 of Chapter 11, Tingaud-Sequeira et al., 2011). This quite

remarkable obesogenic effect of Rosi can be inhibited by co-incubation with the PPARy
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antagonist T0070907 (Figure 7 of Chapter II, Tingaud-Sequeira et al., 2011). This result
confirms a result obtained previously in cell culture (Kirchner et al., 2009) and demonstrates
that the ZO test can be used as a tool for studying the molecular mechanisms underlying the
in vivo dynamics of zebrafish WAT. This property has been used to better define the
molecular mechanisms involved in the effect of a powerful obesogenic environmental

contaminant, TBT (Chapter III).

2. Study of the in vivo mechanism of action of TBT on WAT.

An obesogenic molecule can promote lipid deposition in adipocytes by disrupting lipid
homeostasis at one or multiple levels and may an ED from xenobiotic origin. It can substitute
for natural ligands blocking or over-regulating hormone receptors. They can also lead to a
disruption of hormone biosynthesis and consequently alter lipid homeostasis. Finally, an
obesogenic molecule can change the energy balance by inducing alterations in metabolic
programming during development and/or in processes controlling satiety (Griin and

Blumberg, 2009a, 2009b)

Among the molecules we screened with the ZO test, TBT has proven to be one of the
most powerful obesogen we have used and can induce its action at a concentration incredibly
low, of the order of nM (Figure 3, Chapter III, Ouadah-Boussouf and Babin, 2012). This
concentration is related to the concentration of TBT which can be measured in human blood.
For example, the average concentration observed in a study conducted in the USA in 1998
was 23.4 + 44.04 nM (Kannan et al., 1999). TBT can be considered obesogenic at
concentrations usually found in animal organisms for hormones. The data obtained on the
zebrafish larvae confirms that this molecule is one of the most toxic products ever introduced
by man into the environment. TBT is classified as one of the most powerful EDs (Evans et al.,
1995, Pereira et al., 1999; Ayanda et al., 2012) and was previously identified as highly
obesogenic (Kanayama et al., 2005 , Griin and Blumberg, 2009a; Griin et al., 2006a; Janesick
and Blumberg, 2012).

In vitro studies show that the ability of TBT or Rosi induce adipogenesis from

multipotent stem cells of the vascular stroma (MSCs) (Kirchner et al., 2010) or the
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differentiation of 3T3-L1 preadipocytes (Li ef al., 2011) was dependent on the activation of
the heterodimer RXR/PPARY (Kanayama et al., 2005; Nishikawa et al., 2004; Nakanishi et
al., 2005, 2006; Nakanishi, 2007; 2008; Griin ef al., 2006a; Griin and Blumberg, 2006b). In
cell culture, TBT appears to bind to PPARy and operates in a competitive manner against
Rosi, by blocking the binding of the latter with the PPARy (Hiromori et al., 2009). TBT can
activate the heterodimer forms containing PPARa., /3 and y via their partner RXR (Le Maire
et al., 2009). Indeed, a covalent bond between the tin atom of TBT and cysteine 432 of helix
H11of the human RXRa can be established (Le Maire et al., 2009). Other authors have also
shown that TBT interacts with RXRs to influence the expression of genes regulated by
permissive heterodimers (Wang ef al., 2011). Moreover, imposex in gastropod molluscs can
be induced via RXR ligands similarly to the inductive effect of TBT (Castro et al., 2007,
Sousa et al., 2010; Lima et al., 2011; Stange et al., 2012).

The starting point of our investigations on the mode of action of TBT was using a
PPARy antagonist, the T0070907 because previous work carried out on cell cultures of 3T3-
L1 preadipocytes were shown that this antagonist could block the obesogenic effect of TBT
(Kirchner et al., 2010). This result was in contradiction with the work done previously on the
adipocyte line where a lack of blocking the action of TBT by the antagonist GW9662 of
PPARY was observed (Inadera and Shimomura, 2005). The lack of effect of GW9662 to block
the differentiation of preadipocytes would be due to the short half-life time of this antagonist
in cell culture. TBT can therefore carry out its work after activation of the heterodimer

RXR/PPARYy (Liet al., 2011).

Using Rosi as a positive control, we could show, by using the ZO test, that T0070907
blocks the action of thios well-known PPARy agonist (Figure 7 of Chapter II-Tingaud
Sequeira et al., 2011; Figure 4 of Chapter III, Ouadah-Boussouf and Babin, 2012). However,
the PPARy antagonist is unable to block the action of TBT on zebrafish WAT (Figure 4 of
Chapter III, Ouadah-Boussouf and Babin, 2012). From this result, inconsistent with that
obtained in cell culture of preadipocytes, we investigated the in vivo mode of action of TBT

on the zebrafish WAT in order to characterize the NRs potentially involved.

NRs, and in particular their ligand binding site, are highly conserved during evolution.
This generally allows the use of specific agonists and antagonists in interspecies conditions.

Among some NRs known to regulate lipid metabolism, e.g. ER, PPARa, y and 6, RXR and
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LXR, the use of specific antagonists resulted in a number of cases, compared to controls, by a
higher decrease of adiposity observed during fasting (Figure 1 of Chapter III, Ouadah-
Boussouf and Babin, 2012). This concerns T0070907 and GSK3787 respectively antagonists
and PPARy and 6, the UVI3003 used as an antagonist of RXR and GSK2033 used as an LXR
antagonist. The activity of these NRs may be modulated in vivo to modify the level of

adiposity in larval zebrafish. So we then focused our work on these NRs.

As indicated in Chapter I (Part N° 2), RXRs represent mandatory heterodimerization
partner for many NRs (Mangelsdorf et al., 1990). RXR ligands can stimulate transcriptional
activation of their partners when it they are permissive receptors such as PPARs and LXRs
(Lefebvre et al., 2010). Using the ZO test, we showed that RXR/PPARy and RXR/LXR
heterodimers may be recruited as modulators of adiposity in larval zebrafish (Figure 2 of
Chapter III, Ouadah-Boussouf and Babin, 2012). Concerning the heterodimer RXR/PPARY,
separate use of the agonist of both partners of the heterodimer or both agonists simultaneously
shows an obesogenic effect and hypertrophy of adipocytes. PPARy is known for its
obesogenic effect on zebrafish, Xenopus and humans (Riu et al., 2011). It has been suggested
that this NR is a major target for obesogenic molecules (Kanayama et al., 2005; Janesick and
Blumberg, 2011). RXRs are also the target for obesogens and blocking this receptor by the
antagonist HX531 may have an anti-diabetic and anti-obesogenic effet. This antagonist could
inhibit hypertrophy of adipocytes derived from OLETF rats (Nakatsuka et al., 2012). Our
work shows that three different RXR agonists, fluorobexarotene, SR11237 and DHA had an
obesogenic activity that can be inhibited by the antagonist UVI3003. Our results show also
that inhibition of one of the partners of the RXR/PPARy heterodimer by its specific
antagonist, causes inhibition of the obesogenic effect of the agonist of the other partner. The
same result was observed with RXR/LXR heterodimer (Figure 2 of Chapter III, Ouadah-
Boussouf and Babin, 2012). This indicates that the fatness of the zebrafish larva can be

modulated by these NRs heterodimer forms.

A 24-hour exposure of zebrafish larvae according to the procedure of ZO test with
Rosi and GW501516, PPARy and PPARPB/d agonists, respectively, induced an increase in
adiposity compared to animals exposed to the vehicle (DMSO) alone. This is in agreement
with previous observations on the increase in the amount of lipids in cells in culture (Schmuth
et al., 2004; Kirchner ef al., 2010). In both cases, this effect could be inhibited by specific

antagonists of these two NRs, T0070907 and GSK3787, respectively. These two antagonists
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have no effect on the obesogenic effect of TBT observed by the ZO test suggesting that TBT
does not use PPARy and PPARP/S (Figure 4 of Chapter III, Ouadah-Boussouf and Babin,
2012 ). DHA and GW3965, respectively agonits of RXRs and LXRs, are obesogenic in the
same way as TBT (Figure 5 of Chapter III, Ouadah-Boussouf and Babin, 2012). The
antagonist of RXR, UVI3003, completely inhibits the effect of DHA and also the obesogenic
effect of TBT. GSK2033, an LXRs antagonist, completely inhibits the obesogenic effect of
GW3965 but partially the effect of TBT. These results indicate that in WAT of larval
zebrafish, TBT achieves its obesogenic effect via RXR/RXR homodimers and LXR/RXR
heterodimers. RXR/PPARY heterodimers does not seem to be involved in the obesogenic
effect of TBT but have the potential to be recruited separately in the presence of TBT to
modulate adiposity in zebrafish (Figure 6 of Chapter I1I, Ouadah-Boussouf and Babin, 2012).

Our results indicate that TBT stimulates the deposition of TAG in zebrafish WAT by
activating RXR/RXR homodimers and RXR/LXR heterodimers. The schematic
representation of the signaling NR pathways involved in TBT-induced hypertrophic
adipocytes in living zebrafish is depicted in Figure 7 of Chapter III). This is consistent with
the hypothesis originally formulated by Inadera and Shimomura in 2005. The contradictory
results obtained by other authors by using cell cultures could possibly be explained by the
action of hormonal and/or growth factors present in the culture medium. It should be noted
that RXR/RXR homodimer may selectively bind to PPREs (Ijpenberg et al., 2004). In
addition, activation of LXRs is involved not only in lipogenesis but also in adipogenesis with
an expression of the adipocyte-specific genes in 3T3-L1 cells (Juvet et al., 2003; Seo ef al.,
2004). The unique counterpart to LXR found in the zebrafish genome is closer to human
LXRa that form [ (Archer et al.,, 2008). In mouse macrophage RAW264 cells the
transcriptional response to TBT is through the RXR/LXRa heterodimer (Cui et al., 2011),
indicating that these ED may also, in this cell type, use this heterodimer to carry out its action.
The terms of the TBT binding to RXRa are known (Le Maire et al., 2009), but there is no
data, to our knowledge, on the ability of TBT to link directly LXR.
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3. Outlook and conclusion.

The work carried out within the framework of this work is based on the possibility of
using the ZO test. Due to the small size of the larva and very high fecundity of zebrafish,
analyzes performed to describe the in vivo mode of action of TBT were made possible after
using thousands of larvae. This allowed the use of experimental series containing a large
number of animals, paired analyzes, and produce a number of interesting independent
replicates for each experiment. This power analysis, made possible by the implementation of
the ZO test, is very difficult affordable by the use of a rodent model, due to the experimental

cost and ethical difficulty engendered to use a large number of mammals.

The ZO test, because of its principle, uses as endpoint the size of the adipocyte lipid
droplet, enable to ultimately obtain a quantitative estimate of the level of fat in the live
animal. As it has been illustrated by the characterization of the in vivo mode of action of TBT
via the NRs, we believe that this endpoint is the most appropriate integration level to describe
the action of obesogenic or anti-obesogenic molecules. However, a more detailed analysis of
the cascade of molecular events that lead to the variation of this endpoint may be necessary.
This concerns, for example, the study of the variation of target genes of RXR/RXR
homodimer and RXR/LXR heterodimer in the action of TBT. This type of analysis could be
easily achieved by real-time quantitative PCR on zebrafish larvae but only in the case of
genes, presumably very rare, expressed only in white adipocytes. In situ in toto hybridization
could be an alternative to the more ubiquitous genes, but this method is only semi-
quantitative. It should be noted that in some experimental situations, the variation of transcript
levels do not correspond to a concomitant variation of the corresponding proteins and in some
cases the observed molecular response can be inverse to the expected physiological response

(e.g. Thienpont et al. 2011).

The ZO test is not limited only to test the effect of molecules via the NRs. In this work
we screened molecules, pharmaceuticals, pesticides and other environmental contaminants
whose effects may or may not be made by other cellular signaling pathways. For example,
phenylephrine, an ol-adrenergic agonist, capable of inducing an increase in the lipolytic
activity of human WAT (Boschmann et al., 2002), caused a decrease in body fat compared to
controls if the larvae were previously fed with a standard diet (Figure 5 of Chapter II,

Tingaud-Sequeira et al., 2011). The activity of membrane receptors, e.g. of adrenergic type,
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can therefore be studied with ZO test. We illustrated this possibility with a second example. It
is known that the Bl-adrenergic receptor may be involved in the stimulation of lipolysis in
both the WAT and brown adipose tissue of mammals (Atgié¢ et al., 1997, Jimenez et al.,
2002). In a teleost, tilapia, measurements on isolated adipocytes showed that the PI-
adrenergic receptor has an opposite role compared to mammals, that is to say, it seems to
inhibit lipolysis (Vianen et al., 2001). Using the ZO test, we demonstrated that isoproterenol,
an agonist Bl-adrenergic receptor, inhibited the reduction of body fat due to fast. This effect
was observed whatever the animals were previously fed with standard or high-fat diets
(Figure 38). An antagonist of the same receptor, metoprolol tartrate, had no significant effect
by comparison to controls (Figure 38). This result confirms the effectiveness and sensitivity
of the ZO test to study in vivo the mode of action of different types of molecules on the

metabolic activity of WAT.
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Figure 38. The ZO test is useful to test Pl-adrenergic receptor signaling pathway. A)
Isoproterenol is a B1-adrenergic receptor agonist in mammals but appears to have an opposite
activity in zebrafish adipocytes. It inhibited the reduction of body fat due to fast, whatever the
animals were previously fed with standard or high-fat diets. B) Metoprolol tartrate is a B1-
adrenergic receptor antagonist in mammals with no significant effect by comparison to
controls. The two molecules were tested at a concentration of 10 uM. Values are mean +
SEM, * P <0.05, ** P <0.01 by comparison of averages of control and treated groups using
the one-tailed unpaired t-test.
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The protocol implemented in the ZO test allows, by a short term exposure to
molecules, to determine their ability to modulate the size of adipocyte lipid droplets. The
principle used, Nile red staining and acquisition and processing of fluorescence images, can
easily be used to study long-term effects of these molecules on the establishment and
hyperplasia of adipocyte lineage during development. In this context, preliminary work has
been done in this thesis (data not shown). Individual variability in the size of the animals
during their development has made it difficult to interpret the data. Optimization of the

experimental protocol is therefore necessary for this type of work.

In conclusion, research performed during this PhD program has helped to develop a
simple and rapid method, called ZO test, to identify in vivo, by use of zebrafish larvae, factors
that may increase or decrease the size of the white adipocyte and thus modulate the level of
adiposity. This test is implemented in a vertebrate model and enables to identify molecules
that target WAT and to study the mechanisms underlying the effect obesogenic and anti-
obesogenic molecules. For example, we clarified the mode of action of TBT which acts on the

zebrafish WAT via LXR and RXR RNRs and not via PPARY/d isoforms.
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RESUME

Un régime alimentaire déséquilibré et/ou la présence de composés contaminants
exogeénes peuvent modifier la signalisation endocrine et ’homéostasie des lipides et induire
I’obésité. Les travaux réalisés dans le cadre de cette thése ont permis, dans un premier temps,
de développer une méthode simple et rapide, dénommée "zebrafish obesogenic (ZO) test",
pour identifier in vivo, par utilisation de la larve de poisson zeébre, des facteurs qui peuvent
augmenter ou diminuer la taille de I’adipocyte blanc et ainsi moduler le niveau de 1’adiposité
(Tingaud-Sequeira, Ouadah, Babin, J. Lipid Res. 52, 1765-1772, 2011). Ce test permet
d’identifier des composés et des mélanges de molécules obésogénes et anti-obésogenes et
fournit des informations pertinentes pour 1'évaluation des risques liés leur présence mais
également pour ¢€lucider les mécanismes impliqués. Les travaux ont, dans un second temps,
permis d’apporter des réponses quant aux modalités d’action d’un obésogene puissant, le
chlorure de tributylétain, contaminant retrouvé trés largement dans notre environnement.
Cette molécule agit sur I’adipocyte blanc a une concentration de I’ordre du nano molaire via
les récepteurs nucléaires RXR et LXR, et non pas via les isoformes PPARgamma/delta
(Ouadah et Babin, manuscrit en préparation).

Mots clés: obésité, tissu adipeux blanc, poisson zebre, polluant environnemental,
tributyltétain, RXR, LXR, PPARg, obésogene, anti-obésogene, modele, ZO test.

ABSTRACT

An unbalanced diet and / or the presence of exogenous compounds contaminants may
alter endocrine signaling and lipid homeostasis and induce obesity. The work done in this
thesis have, at first, developed a simple and rapid method, called "zebrafish obesogenic (ZO)
test" to identify in vivo by using the zebrafish larva, the factors that may increase or decrease
the size of the white adipocyte and therefore modulate the level of adiposity (Tingaud-
Sequeira, Ouadah, Babin, J. Lipid Res. 52, 1765-1772, 2011). This test helps to identify
compounds and mixtures of obesogenic and anti-obesogenic molecules and provides
information relevant to the risk assessment of their presence but also to elucidate the
mechanisms involved. Work in a second time allowed to answer as to how the action of
tributyltin chloride, a powerful obesogenic contaminant found widely in the environment.
This molecule acts in vivo on white adipocytes in a concentration of the order of nano molar
via nuclear receptors LXR and RXR, and not via the PPARgamma isoforms / delta (Ouadah
and Babin, manuscript in preparation).

Keywords: obesity, white adipose tissue, zebrafish, environmental pollutant, tributyltin,
RXR, LXR, PPARg, obesogenic, anti-obesogenic, model, ZO test.
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