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Résumé

Les maladies chroniques telles que les maladies cardiovasculaires (MCV) sont complexes
et leur risque est modulé par de nombreux facteurs tels que le bagage génétique et
I’alimentation. Dans le cadre de ce projet, une cohorte de 210 participants a été recrutée.
Deux profils alimentaires ont été¢ identifiés, le profil Prudent caractéris¢é par une
consommation plus élevée de légumes, fruits, produits céréaliers a grains entiers et de gras
non-hydrogénés et le profil Western caractéris€ par une consommation plus élevée de
produits céréaliers raffinés, desserts, sucreries et viandes transformées. Ces deux profils
alimentaires modulaient 1’expression de geénes impliqués dans le systéme immunitaire, la
réponse inflammatoire, le cancer et/ou les MCV. Le profil alimentaire Western était
également associé¢ a un profil de métabolites constitué de concentrations plus élevées de
certains acides aminés et d’acylcarnitines a courtes chaines. Afin d’étudier la variabilité
interindividuelle dans la réponse a un nutriment, une supplémentation de 6 semaines en
huile de poisson a été réalisée chez les 210 participants. Des SNPs de génes reliés aux voies
de la lipogéneése de novo et la béta-oxydation des acides gras (ACLY, ACACA, GCK, RXRA,
ACOX]I) affectaient seuls, ou en interaction avec la dicte, la réponse des triglycérides (TG)
plasmatiques suite a la supplémentation en huile de poisson. La variabilit¢ génétique
présente dans le gene sterol regulatory element binding transcription factor 1 (SREBF1)
expliquait une partie des différences interindividuelles observées dans la réponse des
concentrations d’insuline suite a la supplémentation en huile de poisson. Dans une seconde
cohorte de 691 individus, des associations entre des SNPs, identifiés a I’aide d’un GWAS
réalisé sur la cohorte des 210 individus ayant pris la supplémentation en huile de poisson, et
les concentrations de TG et d’acides gras dans les phospholipides plasmatiques ont été
observées. Cette these comprend un volet d’application des connaissances ou 1’attitude a
été identifiée comme le principal déterminant de ’intention des diététistes de discuter de
nutrigénétique avec leurs patients/clients. Globalement, ces résultats démontrent que les
profils alimentaires influencent le métabolisme a différents niveaux et que la réponse a
I’huile de poisson peut étre variable tout dépendamment du bagage génétique et de

I’alimentation.
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Abstract

Chronic diseases such as cardiovascular diseases (CVD) are complex and their risk factors
are regulated by many factors, for example the genetic background and dietary intakes. In
this project, 210 participants were recruited. Two dietary factors were identified, the
Prudent dietary pattern which was characterised by higher intakes of vegetables, fruits,
whole grain products and non-hydrogenated fats and the Western dietary pattern,
characterised by higher intakes of refined grain products, desserts, sweets and processed
meats. Both dietary patterns modulated the expression of genes related to the immune
system, inflammatory response, cancer and/or CVD. The Western dietary pattern was also
associated with a metabolite profile which comprised greater concentrations of certain
amino acids as well as small chain acylcartinines. To examine the interindividual variability
in the response to a nutrient, a 6 week fish oil supplementation was conducted among the
210 participants. SNPs related to genes involved in de novo lipogenesis and fatty acid beta-
oxidation (ACLY, ACACA, GCK, RXRA, ACOXI) were associated alone or in an interaction
effect with dietary intakes with the plasma triglyceride (TG) response to the fish oil
supplementation. The genetic variability within sterol regulatory element binding
transcription factor 1 (SREBFI) gene was associated with differences in the response of
insulin concentrations following fish oil supplementation. In a second cohort of 691
participants, associations between SNPs, identified in a previous GWAS conducted among
the 210 participants supplemented with fish oil, and TG as well as plasma phospholipid
fatty acid concentrations were observed. This thesis also comprises a knowledge transfer
section where the attitude was identified as the main determinant of the intention of
dietitians to discuss nutrigenetics with their patients/clients. Globally, these results
demonstrate that dietary patterns modulate the metabolism at several levels and that the

response to fish oil is variable depending upon genetic profile and dietary intakes.
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Introduction générale

Selon 1’Organisation mondiale de la sant¢ (OMS), les maladies chroniques (maladies
cardiovasculaires (MCV), cancers, diabétes et maladies pulmonaires) €taient responsables
en 2008, de 63% des déces a travers le monde [1]. L’OMS estimait en 2008 que 17,3
millions de personnes a travers le monde étaient décédées d’'une MCV tandis que 8,2
millions de personnes a travers le monde étaient décédées d’un cancer en 2012 [2-4]. En
2030, il est prédit que 23,3 millions de personnes décéderont de MCV et que ce type de
maladie demeurerait la plus importante cause de mortalité a travers le monde [3,5,6]. Au
Canada, la mortalité attribuable aux MCV a diminué depuis quelques années. Toutefois, les
MCYV représentaient toujours 27% en 2009 de toutes les causes de déces ce qui les plagait
au deuxiéme rang des causes de mortalité chez les adultes canadiens aprés le cancer [7]. Le
cancer quand a lui représentait 30% de I’ensemble des décés [8]. Etant donné 1’ampleur de
la prévalence de ces maladies, il est primordial d’améliorer notre compréhension des
mécanismes reliés au développement de ces maladies afin de développer des interventions

efficaces.

Tout au long de la vie, plusieurs facteurs peuvent moduler le risque de maladies chroniques
d’une personne. Les facteurs génétiques, les comportements liés a la santé et
I’environnement interagissent ensemble et influencent le risque d’une personne [9].
Certains facteurs de risque sont modifiables tels que le tabagisme, le niveau d’activité
physique, la consommation de légumes et de fruits, le surplus de poids ou 1’obésité, le
stress, 1I’hypertension artérielle et le diabete de type 2 tandis que d’autres sont non-
modifiables tels que 1’age, le sexe, les antécédents familiaux, I’origine ethnique et les
antécédents d’incidents cardiovasculaires [9]. La World Heart Federation ajoute également
le fait de consommer une dicte riche en gras saturés comme facteur de risque modifiable
[10]. D’ailleurs, il est estimé qu’une alimentation riche en gras saturés serait responsable de

31% des maladies coronariennes et des infarctus du myocarde [10].



L’alimentation a un impact primordial sur le risque de développer une maladie chronique
telle une MCV. L’alimentation d’un individu est constituée d’une combinaison complexe
de nutriments [11]. L’¢tude des profils alimentaires permet de tenir compte des effets
d’interaction présents entre les différents aliments et nutriments composants 1’alimentation
d’une personne. Les profils alimentaires sont associés entre autres a 1’obésité, aux
concentrations de lipides plasmatiques et au cancer [12-18]. Toutefois, 1’¢tude des profils
alimentaires permet difficilement de comprendre les mécanismes physiologiques exacts
impliqués dans ’effet d’un certain profil alimentaire sur le risque de maladies chroniques
étant donné la complexité des interactions entre les nutriments. Une approche systémique
par le biais de 1’étude par exemple des profils d’expression et des profils de métabolites
pourrait potentiellement aider a mieux comprendre les voies métaboliques régulées par les
profils alimentaires. La science nommée la transcriptomique est 1’étude des molécules
d’ARN produites par une cellule ou une population de cellules d’un type particulier qui
permet 1’étude des profils d’expression génique. L’alimentation peut influencer les
concentrations d’ARN par différents mécanismes. Par exemple, certains nutriments sont
des ligands naturels de facteur de transcription qui affecteront ensuite I’expression de
plusieurs geénes. Aussi, I’alimentation peut avoir un effet sur les niveaux de méthylation qui
a leur tour moduleront 1’expression des genes [19]. Une autre science, la métabolomique
étudie les métabolites qui sont des composés organiques intermédiaires entre deux réactions
ou issus du métabolisme. L’alimentation affecte les profils de métabolites selon différents
mécanismes, d’abord elle peut directement contribuer a la présence de certains métabolites,
par exemple, les consommateurs de citrons ont des concentrations de stachydrine plus
¢levées ou encore les consommateurs d’arachides ont des concentrations plus élevées de
bétaine tryptophane [20]. Ensuite, le type d’alimentation peut également affecter le
métabolisme, par exemple, via la modification de I’expression génique, et ainsi modifier le

profil de métabolites d’un individu [21].

Malgré que I’étude de Dl’effet des profils alimentaires est essentielle, il est €galement
intéressant d’évaluer I’effet des aliments ou des nutriments de fagon isolée afin d’améliorer
notre compréhension des mécanismes physiologiques sous-jacents. Un des nutriments les

plus étudiés et dont les effets ne sont pas encore entierement élucidés, est 1’acide gras



polyinsaturé (AGPI) oméga-3 (n-3) d’origine marine. Dans les études précédentes de notre
groupe de recherche, il a été¢ observé que la présence du polymorphisme nucléotidique
rendue la simple (SNP) L162V du geéne peroxisome proliferator activated receptor alpha
(PPARA) peut affecter la réponse a une supplémentation en huile de poisson [22]. Cette
variabilité dans la réponse a une supplémentation en huile de poisson a également été
observée dans une cohorte finlandaise constituée de 312 participants [23]. Dans cette étude,
les auteurs ont observé que 31% des participants n’avaient pas diminué leurs concentrations
de triglycérides plasmatiques (TG) suite a la prise d’huile de poisson durant 8§ semaines
[23,24]. Les AGPI n-3 sont des ligands naturels de différents facteurs de transcription, par
exemple PPARA. De plus, ils affectent également I’expression du géne sterol regulatory
element binding transcription factor 1 (SREBFI) [25-27]. Grace a ces effets, les AGPI n-3
contenus dans 1’huile de poisson constituent un modéle intéressant afin de mieux
comprendre les effets d’interaction géne-diéte sur les facteurs de risque des MCV,
principalement di a leur effet hypotriglycéridémiant qui est d’ordre pharmacologique.
D’ailleurs, la prise d’un supplément de 2 a 4g d’AGPI n-3 (acide eicosapentaénoique
(AEP) et acide docosahexaénoique (ADH)) est recommandée par I’American Heart
Association (AHA) chez les individus hypertriglycéridémiques [28]. Conséquemment, il est
essentiel de pouvoir cibler adéquatement les individus qui abaisseront réellement leurs

concentrations de TG suite a la prise d’AGPI n-3 (AEP + ADH).

Le dernier volet de cette thése porte sur 1’application des connaissances en lien avec la
nutrigénétique chez les diététistes membre de 1’Ordre professionnel des diététistes du
Québec (OPDQ). Au Canada, il y a quelques tests de nutrigénétique disponibles
directement aux consommateurs. Il existe également un test qui est distribué via un
diététiste et qui offre différentes recommandations nutritionnelles en fonction du profil
génétique suite au génotypage de certains SNPs. Malgré que ces tests soit déja disponibles,
il a été observé que les diététistes de méme que les autres professionnels de la santé ne sont
pas préts a les utiliser avec leurs patients/clients. Le niveau de connaissances est
relativement faible en ce qui a trait a la nutrigénomique chez les professionnels de la santé
dont les diététistes [29-32]. Conséquemment, afin de former adéquatement les diététistes,

des formations et des outils cliniques devront étre créés et délivrés. L utilisation d’un cadre



théorique pourrait permettre la détermination des éléments clés d’une formation ou encore
d’un outil clinique utile pour les diététistes. La Théorie du comportement planifiée (TCP) a
été employée dans de nombreuses €tudes afin d’étudier les déterminants de I’intention ou

d’un comportement chez les professionnels de la santé [33].

Cette thése se distingue par la présentation de trois cohortes. La premiére ou 210
participants ont suivi un protocole de supplémentation en huile de poisson durant six
semaines (cohorte FAS). Celle-ci étudiait principalement la variabilité interindividuelle
dans la réponse des concentrations de TG suite a la supplémentation en huile de poisson.
Pour cette cohorte, plusieurs données ont été mesurées, entre autres, des données de
transcriptomique et de métabolomique. La deuxiéme étude était transversale avec un
nombre considérable de participants soit 691 (cohorte INFOGENE). Dans cette étude, la
mesure des acides gras dans les phospholipides du plasma et dans les érythrocytes était
disponible. Finalement, la troisiéme étude est une cohorte de 141 diététistes ayant complété
un questionnaire composé de 47 questions basées sur la TCP évaluant les déterminants de
I’intention et du comportement pour le diététiste de discuter de nutrigénétique avec ses

patients/clients.

Cette these se subdivise en onze chapitres. Le premier chapitre, chapitre 1, présente une
revue de littérature portant sur les profils alimentaires et leurs liens avec le risque de MCV
et de cancer, I’expression génique de méme qu’avec les profils de métabolites. Ce premier
chapitre traite également des AGPI n-3 (AEP+ADH) ou de I’huile de poisson et leur effet
sur le risque de MCV, ses facteurs de risque et la présence d’une variabilité
interindividuelle dans la réponse suite a une supplémentation en huile de poisson. Le
chapitre 1 se termine par une revue de littérature portant sur 1’application des
connaissances, plus spécifiquement dans le domaine de la nutrigénomique suivie de
I’utilisation de la TCP chez les professionnels de la santé. Le chapitre 2 présente les
objectifs et les hypotheses de la présente thése. Le chapitre 3 se constitue d’un article
scientifique s’intitulant «Associations between dietary patterns and gene expression
profiles of healthy men and women : a cross-sectional study» qui a été publié dans la revue

Nutrition Journal en 2013. Le chapitre 4 se constitue d’un article scientifique s’intitulant
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«The metabolic signature associated with the Western dietary pattern : a cross-sectional
study» qui a été publié¢ dans la revue Nutrition Journal en 2013. Le chapitre 5 se constitue
d’un article scientifique s’intitulant «Polymorphisms, de novo lipogenesis, and plasma
triglyceride response following fish oil supplementation» qui a été publié dans la revue
Journal of Lipid Research en 2013. Le chapitre 6 se constitue d’un article scientifique
s’intitulant «Polymorphisms in genes involved in fatty acid [-oxidation interact with dietary
fat intakes to modulate the plasma TG response to a fish oil supplementation» qui a été
publi¢ dans la revue Nutrients en 2014. Le chapitre 7 se constitue d’un article scientifique
s’intitulant «4n interaction effect between glucokinase gene variation and carbohydrate
intakes modulates the plasma triglyceride response to a fish oil supplementation» qui a été
publié dans la revue Genes and Nutrition en 2014. Le chapitre 8 se constitue d’un article
scientifique s’intitulant «SREBFI gene variations modulate insulin sensitivity in response
to a fish oil supplementation» qui a été publié dans la revue Lipids in Health and Disease
en 2014. Le chapitre 9 se constitue d’un article scientifique s’intitulant «Polymorphisms,
gene-diet interaction effects on plasma triglyceride and plasma phospholipid fatty acid
concentrations : a cross-sectional study» qui a été soumis a la revue Journal of Lipid
Research. Le chapitre 10 se constitue d’un article scientifique s’intitulant «Do registered
dietitians intend to or actually discuss nutrigenetics with their patients/clients? An
application of the Theory of planned behaviory qui a été soumis a la revue Journal of
Nutrition Education and Behavior en 2014. Finalement, le chapitre 11 conclut cette thése
en intégrant les résultats présentés aux chapitres 3 a 10 et en présentant certaines pistes a

explorer afin de poursuivre ces recherches dans le futur.






Chapitre 1 :

Revue de la littérature






1.1 Profils alimentaires

Les approches plus traditionnelles observent 1’effet sur la santé d’un seul nutriment ou de
quelques nutriments [34]. Bien qu’utile, ce type d’approche n’inclut pas les effets
d’interaction ou synergiques entre les nutriments. Dans un contexte de «vraie vie», les
individus consomment des combinaisons complexes d’aliments que 1’on peut regrouper en
profils alimentaires. Par exemple, une consommation élevée en fibres alimentaires est
souvent associée a des apports plus élevés en 1égumes et en fruits ou encore des apports
plus faibles en lipides totaux sont associés a une consommation plus ¢élevée de Iégumes, de
fruits, de fibres alimentaires, d’acide folique et de produits céréaliers a grains entiers
[35,36]. De plus, lors de 1’étude de maladies complexes telles que les MCV ou le cancer, il
est fort probable que I’interaction de plusieurs nutriments module le risque a long terme de
développer ces maladies [37]. L’étude des profils alimentaires s’avere pertinente dans ce
contexte puisque ces derniers sont ¢laborés afin de tenir compte des combinaisons
d’aliments qui sont consommées ensembles et de la colinéarité existant entre les nutriments
[38,39]. Finalement, il est possible que I’effet de nutriments isolés peut étre trop faible pour
étre observé tandis que I’effet d’un profil alimentaire pourrait €tre plus facilement
détectable [40]. La section 1.1 présente diverses méthodes afin de déterminer des profils

alimentaires.

1.1.1 La méthodologie pour dériver les profils alimentaires

Différentes méthodes permettent de créer des profils alimentaires [38]. Il existe trois
principaux types d’approches soient I’approche théorique ou des scores sont définis par le
chercheur, 1’approche empirique qui est basée sur l’information issue des données
nutritionnelles et finalement, une approche qui combine les deux premieres tenant compte
des voies biologiques et de I’information issue des données nutritionnelles [41]. Ces trois

types d’approche sont décrits plus en détails dans les prochaines sections.



L’approche théorique

Briévement, I’approche théorique est basée sur 1’établissement a priori d’index de qualité
de l’alimentation [38]. Le Healthy Eating Index [42] en est un exemple. Ces index de
qualité de I’alimentation sont basés sur les connaissances actuelles, sur les lignes directrices
¢tablies et sur la théorie [38]. Les apports alimentaires sont préalablement évalués a 1’aide
d’un outil d’évaluation alimentaire. Les individus recoivent ensuite un «score» qui indique

leur degré d’adhésion a I’index de qualité de 1’alimentation.

L’approche empirique

La deuxiéme approche est ’approche empirique. Cette méthode permet d’identifier des
profils alimentaires a postériori grace a des analyses statistiques réalisées sur les données
nutritionnelles récoltées. Conséquemment, cette approche ne dépend pas de la vision de la
saine alimentation des auteurs. Deux méthodes sont fréquemment utilisées en
épidémiologie nutritionnelle, 1’analyse par groupe et I’analyse factorielle. Les prochaines
sections décriront briévement ces deux méthodes avec une attention particuliere a ’analyse
en composantes principales, un type d’analyse factorielle, qui est la méthode employée

pour les études présentées dans cette these.

L’analyse par groupe

L’analyse par groupe est une méthode fréquemment utilisée lors de I’analyse de données
nutritionnelles [38]. Cette méthode permet de déterminer les groupes d’individus d’une
population donnée pour lesquels plusieurs composantes de I’alimentation sont similaires.
D’abord, les apports alimentaires sont évalués a 1’aide d’un questionnaire alimentaire tel
qu'un questionnaire de fréquence alimentaire (QFA) ou un journal alimentaire. Les
aliments consommés par chacun des individus sont classifiés dans des groupes
préalablement identifiés par les auteurs du projet de recherche. Ces groupes peuvent étre
déterminés en fonction de la valeur nutritive des aliments ou encore des groupes
alimentaires auxquels ils appartiennent. Finalement, les groupes d’individus identifiés
statistiquement (par exemple selon les méthodes de K-Means ou Ward) sont nommés en

fonction des groupes d’aliments qui sont les plus consommés chez ces derniers. Par
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exemple, le groupe nommé «Healthy» ou «Healthier», relatif a une saine alimentation est

fréquemment retrouvé dans la littérature [38].

L’analyse factorielle

L’analyse factorielle est la méthode la plus utilisée afin de générer des profils alimentaires
[38,43]. Celle-ci permet de déterminer les aliments ou les groupes d’aliments qui sont
corrélés entre eux et donne ensuite un score a chaque individu pour chacun des profils
alimentaires identifiés [44]. Selon 1’analyse de Newby et collaborateurs [38] portant sur les
méthodes utilisées afin d’évaluer les apports alimentaires, les QFA et les journaux
alimentaires étaient les deux méthodes les plus fréquemment employées. Les apports
alimentaires sont parfois mesurés selon la fréquence de consommation, le poids ou le
pourcentage d’énergie quotidien. Ensuite, il est possible de réaliser 1’analyse en
composantes principales (ACP) en utilisant les macronutriments et/ou les micronutriments,
les aliments ou encore des groupes d’aliments générés par les auteurs. Comme pour
I’analyse par groupe, les groupes d’aliments peuvent étre créés en fonction de la valeur
nutritive ou encore des différents usages culinaires. Afin de dériver les profils alimentaires,
’analyse factorielle est fréquemment réalisée avec I’ACP suivie d’une rotation orthogonale
en ne conservant que les profils alimentaires répondant a certains critéres. Les critéres
employés sont généralement, le test d’accumulation de variance (scree fest) et les valeurs
propres >1 a >1,25 [45]. L’ ACP consiste a compresser les données en moyennes pondérées
d’un plus petit nombre de profils (ou facteurs) qui sont générés selon la matrice de
corrélation des variables originales. Dans les études, le nombre de facteurs (profils
alimentaires) varient, allant de 2 a 25 facteurs différents [38]. Ensuite, les noms des profils
alimentaires sont attribués en fonction des macronutriments et/ou micronutriments, des
aliments ou des groupes d’aliments s’y retrouvant [38]. Les profils alimentaires Prudent et

Western sont des profils retrouvés trés fréquemment dans la littérature [38,43,45].
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L’approche hybride : combinaison des approches théoriques et empiriques

Les deux prochaines méthodes décrites sont des méthodes hybrides qui sont les plus

récentes dans le domaine de la détermination de profils alimentaires [41,46,47].

Reduced rank regression

Le reduced rank regression est ’approche hybride la plus fréquemment utilisée. Cette
méthode, permet de déterminer les combinaisons linéaires d’aliments expliquant le plus de
variance dans les apports en nutriments ou des marqueurs de maladies désignées [41]. Les
variables prédites doivent étre continues [41]. Pour que cette approche soit la plus
performante possible, Kroke [48] décrit deux composantes essentielles, premiérement, le
mécanisme biologique reliant des nutriments ou des profils alimentaires a une maladie
spécifique doit étre clair; deuxiémement, des données précises sur la composition
nutritionnelle de 1’aliment ou du profil alimentaire doivent étre disponibles. Kroke [48]
mentionne également que sans ces deux conditions, la méthodes du reduced rank
regression n’est pas plus utile qu'un profil alimentaire défini a priori, c’est-a-dire

théoriquement.

L’analyse treelet transform

L’analyse treelet transform est le deuxieme type d’approche hybride utilisé afin de générer
des profils alimentaires. Un des désavantages mentionné dans la littérature de ’utilisation
de Dl’analyse factorielle pour générer des profils alimentaires est la difficult¢ de son
interprétation [46]. C’est pourquoi I’analyse treelet transform a été proposée par Lee et
collaborateurs [49]. Ce type d’analyse permet de combiner les capacités d’extraction de
I’ACP et ’interprétation plus facile de I’analyse par groupe. La principale différence avec
I’ACP est que les facteurs générés par I’analyse treelet transform ne sont constitués que
d’un nombre restreint de variables et que les autres variables sont exclues du facteur en leur
allouant un poids de 0 [46]. Une autre différence est que I’analyse treelet transform produit
une structure de regroupement hiérarchique qui est visualisable sous la forme d’un arbre de
regroupements [46]. Treés récemment, Schoenaker et collaborateurs [50] ont comparé

I’analyse factorielle et 1’analyse treelet transform afin de dériver des profils alimentaires et
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d’étudier les associations avec le diabete. Ils ont observé que seul le profil alimentaire
Western dérivé de I’analyse factorielle était associé avec 1’incidence de diabéte de type 2
[50]. Ces auteurs mentionnent que 1’analyse treelet transform produit des profils
alimentaires éparses qui ne tiennent pas comptent de tous les aliments ou groupes
d’aliments consommés par un individu (en raison du poids de 0 alloué a certains aliments)
ce qui pourrait expliquer 1’absence de relation avec I’incidence de diabéte de type 2 dans

leur étude [50].

1.1.2 Profils alimentaires et facteurs de risque des maladies cardiovasculaires et
cancers

L’objectif de cette section est de présenter une revue de la littérature non-exhaustive des
plus récentes études, principalement les revues systématiques de la littérature (2010 a
aujourd’hui) portant sur les profils alimentaires, les MCV et le cancer ou encore sur leurs

facteurs de risque chez les adultes.

Profils alimentaires et maladies cardiovasculaires

Deux profils alimentaires ressortent fréquemment dans les études dérivant les profils
alimentaires par analyse factorielle, le profil Prudent/Healthy caractéris€é par une
consommation plus ¢élevée de légumes, fruits, produits céréaliers a grains entiers,
légumineuses et poissons et le profil Western/Unhealthy caractérisé par une consommation
plus élevée de viandes rouges et transformées, produits céréaliers raffinés et sucreries [51].
Des profils alimentaires tels que le profil Prudent/Healthy, la diete DASH (Dietary
Approach to Stop Hypertension) ou encore la diete méditerranéenne sont associés avec le
risque de MCV [51-54]. Williams et collaborateurs [54] ont examiné des études
prospectives et ont observé que chez les individus adhérant aux profils alimentaires
Healthy, Prudent, Méditerranéen ou DASH la réduction du risque de MCV était de 1’ordre
de 10 a 60%. Une réduction du risque d’accidents cérébrovasculaires avec la consommation
des profils Prudent, DASH ou Méditerranéen a également ét€¢ observée, tandis qu’une
adhésion élevée au profil alimentaire Western en augmentait le risque [51]. Chez une

cohorte de 30 239 adultes agés de 45 ans et plus, un profil Plant-based caractérisé entre
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autres par une consommation plus ¢élevée de légumes, fruits, légumineuses et produits
céréaliers a grains entiers, était associ¢ avec une diminution du risque d’accidents
cérébrovasculaires [55]. En 2010, Kant et collaborateurs [53] avaient constaté que les
individus ayant une alimentation de type Healthy avait un risque réduit de 15% a 30% de la
mortalité toute causes confondues et aussi due a une maladie coronarienne. En 2014, dans
une cohorte de 7 216 participants a risque cardiovasculaire ¢élevé, un profil alimentaire de
type Provegetarian caractérisé par une consommation plus élevée de légumes, fruits, noix,
céréales, légumineuses, huile d’olive et pommes de terre, était associé¢ avec un plus faible
taux de mortalité toutes causes confondues (0.59; 95% IC : 0.40-0.88) [52]. 1l a également
été rapporté qu’une augmentation de deux points du score a la di¢te Méditerranéenne
(Alternate Mediterranean Diet (aMED)) était associé a une réduction de 7% du risque de
mortalité toutes causes confondues. Cette observation a aussi été décrite chez 16 008
Espagnols ou le risque de mortalité toute causes confondues était de 0,53 (95% IC : 0,34-

0,84) chez les individus ayant les scores les plus élevés comparativement aux individus

ayant les scores les plus bas au profil alimentaire Méditerranéen [56].

Profils alimentaires et diabéte de type 2

Les profils alimentaires ont aussi été associés au risque de diabéte de type 2 [57,58]. Une
récente méta-analyse a observé qu’un score ¢élevé a un profil alimentaire Healthy
(alimentation contenant plus de légumes, fruits, produits céréaliers a grains entiers,
poissons, produits laitiers faible en gras, produits du soya, poulet et/ou une consommation
modérée d’alcool) diminuait le risque de diabéte de type 2, tandis que les individus avec un
score ¢levé au profil Unhealthy (consommation ¢levée de viandes rouges et/ou
transformées, produits céréaliers raffinés, frites, produits laitiers riches en gras, sucreries,
desserts, boissons sucrées, grignotines) augmentaient leur risque de diabete de type 2 [57].
De plus, un profil alimentaire caractérisé par des apports plus importants en légumes, fruits,
produits laitiers, huile d’olive, pates alimentaires et pain a été associé avec une meilleure

sensibilité a I’insuline dans une cohorte de 507 adultes en santé [58].
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Profils alimentaires et poids corporel

Dans une cohorte de 1 070 adultes asiatiques agés de 50 ans et plus, les individus ayant des
scores ¢€levés au profil alimentaire Western avaient davantage de risque d’étre obeses,
hypertendus et d’avoir le syndrome métabolique [59]. Mu et collaborateurs [60] ont
également observé une association entre le profil alimentaire «Western» et le risque de
présenter un surplus de poids ou de I’obésité chez 1319 étudiants agés en moyenne
d’environ 18 ans. Le profil alimentaire Western a aussi été associé positivement au tour de
taille et au ratio tour de taille/tour de hanche [61]. Quand a eux, Tucker et collaborateur
[62] ont observé chez 281 femmes en santé, une association positive entre le profil
alimentaire Meat, caractérisé par une consommation plus élevée de viandes maigres et
d’autres viandes, et le pourcentage de tissu adipeux de méme que l’indice de masse
corporelle (IMC) tandis qu’une association inverse avait été observée pour les profils
alimentaire Low-fat milk et Prudent. Dans une autre étude menée auprés de 780 pompiers
de sexe masculin, les individus obéses avaient des scores plus faibles a la dicte
Meéditerranéenne et consommaient davantage de fast-food et de boissons gazeuses [63]. Un
profil alimentaire caractérisé par une consommation élevée d’alcool, boissons gazeuses,

viandes, café et thé était associé a un risque augmenté de stéatose hépatique [64].

Profils alimentaires et cancer

Les profils alimentaires sont associés avec le risque de différents types de cancer tels que le
cancer de la bouche, du larynx et du pharynx, le carcinome épidermoide de 1’cesophage, le
cancer de I’estomac, le cancer colorectal et le cancer du sein [65-78]. Par exemple, une
augmentation d’une unité du score a la diete Méditerranéenne (MedDietScore) est associée
avec une diminution de 9% des risques de cancer du sein [72]. Cette observation a été
rapportée en 2014 par Albuquerque et collaborateurs [66] dans une revue systématique de
la littérature comprenant 26 études. Mis a part la diete Méditerranéenne, le profil Prudent
est aussi associ¢ a une diminution du risque de cancer du sein tandis que les profils
caractérisés par une consommation plus élevée d’alcool étaient associés a un risque plus
¢levé du cancer du sein [71]. Les profils alimentaires Méditerranéen, Prudent, caractérisés

par une consommation ¢élevée de 1égumes et de fruits étaient associés avec une diminution
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du risque de cancer touchant le tube digestif (cancer colorectal, cancer rectal, cancer de
I’estomac, carcinome épidermoide de I’cesophage et cancer du pharynx) [65,67-70,73,75-
77] tandis que les profils Western ou Animal products avec un risque plus élevé de cancer
colorectal, cancer de I’estomac, cancer du larynx, cancer du pharynx et cancer de la

prostate [67-70,74,77,78].

1.1.3 Profils alimentaires et expression génique

Selon nos connaissances, aucune étude a 1’exception des travaux rapportés dans le cadre de
cette thése ne s’est penchée spécifiquement sur les associations entre des profils
alimentaires, a 1’exception de la diete Méditerranéenne, et la transcriptomique (expression
génique). Conséquemment, les données rapportées ci-dessous sont majoritairement issues
des études ayant observé I’effet d’un ou de quelques nutriments de méme que la restriction
calorique et les profils d’expression génique ou encore ’expression de quelques genes
candidats. Les prochaines sections traitent d’abord de quelques facteurs pouvant moduler

I’expression génique et ensuite de I’impact de I’alimentation sur I’expression génique.

Facteurs affectant ’expression génique

Différents mécanismes ont ét¢ mis de I’avant afin d’expliquer I’impact de 1’alimentation sur
les niveaux d’expression génique. D’abord, les nutriments peuvent, en se liant a des
facteurs de transcription, moduler les niveaux d’expression de plusieurs genes. Par
exemple, les facteurs de transcription encodés par les genes PPARs ont pour ligands
exogenes naturels les AGPI. Tel que présenté a la figure 1.1, PPARA, PPAR gamma (G) et
PPAR delta (D) se lient ensuite aux éléments de réponse nommés peroxisome proliferator
response elements (PPREs) localisés sur de nombreux genes cibles et modulent ainsi
I’expression de geénes impliqués dans différentes voies métaboliques telles que le
métabolisme des lipides, la prolifération cellulaire, la différenciation cellulaire de méme

que les réactions immunitaires et inflammatoires [79,80].
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Figure 1.1 La liaison de I’hétérodimeére PPAR-RXR sur le PPRE d’un gene cible. [81]
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L’alimentation peut aussi avoir un impact sur 1’expression génique via des modifications
épigénétiques [82]. Supic et collaborateurs [82] en 2013 ont décrit que les apports
alimentaires entre autres en folate, polyphénols et isoflavones affectent la méthylation de
I’ADN, la modification des histones et les micro-ARN (miARN). Toutes ces modifications
sont ce que I’on appelle des modifications épigénétiques, c’est-a-dire des modifications qui
affectent le génome et la régulation de ’expression des génes sans modifier la séquence

d’ADN [82].

Impact de I’alimentation sur I’expression génique

Konstantinidou et collaborateurs [83] ont réalisé en 2013 une revue de la littérature portant
sur ’effet de la diete méditerranéenne ou encore 1’ajout d’huile d’olive a I’alimentation sur
I’expression génique. Ces derniers ont rapporté les résultats de quatorze études. D’abord,
I’expression des genes était principalement mesurée dans les cellules mononuclées
périphériques sanguines (PBMCs). Les dietes méditerranéennes ou I’ajout d’huile d’olive
¢taient fréquemment comparés a des dictes élevées en acides gras saturés ou encore a une
dicte de type Western. Une étude a également comparé I’effet de la diete méditerranéenne
standard versus une dié¢te méditerranéenne enrichie en antioxydants. Les études mesuraient
pour la plupart I’expression génique par réaction en chaine de la polymérase a transcription
quantitative inversée (QRT-PCR) et quelques-unes avaient utilis¢ des micropuces sur le

génome entier. Les études démontraient principalement une diminution dans 1’expression
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postprandiale des génes impliqués dans les processus inflammatoires comparativement a
une dicte riche en gras saturés. Une autre étude publiée en 2013 a examiné aupres de 34
individus de la cohorte Prevencion Con Dieta Mediterranea (PREDIMED) que les diétes
méditerranéennes enrichies en huile d’olive ou encore en noix modifiaient toutes deux les
voies métaboliques reliées a 1’athérosclérose et a I’hypertension comparativement a une

diete faible en gras [84].

Ravasco et collaborateurs [85], ont étudi¢ I’'impact de I’alimentation habituelle sur les
niveaux d’expression du gene nuclear factor kappa B (NFKB), un géne codant pour un
facteur de transcription impliqué dans les processus inflammatoires. Ces derniers ont
observé que les individus avec une consommation plus élevée de protéines animales, de
glucides raffinés, de gras saturés, d’AGPI oméga-6 (n-6) et d’alcool avaient des niveaux
d’expression de NFKB plus €levés tandis que 1’opposé avait été observé pour les individus
avec une consommation élevée d’AGPI n-3, de fibres alimentaires, de vitamine E, de

flavonoides, d’isoflavones, de béta-caroténe et de sélénium [85].

D’autres études se sont plutot penchées sur I’effet de la restriction calorique sur
I’expression génique. Chez les souris, la restriction calorique affecterait principalement des
genes impliqués dans des voies métaboliques telles que le métabolisme du glutathion, la
réponse immunitaire, le métabolisme des lipides et du cholestérol de méme que la
phosphorylation oxydative [86]. Chez les humains, des dictes faibles ou trés faibles en
calories ont mené a des changements dans 1’expression de genes reliés au métabolisme des
glucides, de la synthése des lipides, aux macrophages et aux adipocytes [87-89]. Par
exemple, I’expression des genes ATP citrate lyase (ACLY), acetyl-CoA carboxylase alpha
(ACACA), fatty acid synthase (FASN) et stearoyl-CoA desaturase (SCD) impliqués dans la
voie de la lipogénese de novo, du geéne carnitine palmitoyltransferase 1B (CPTIB)
impliqué dans la béta-oxydation des acides gras et des genes serpin peptidase inhibitor,
clade F (SERPINF) et secreted protein, acidic, cysteine-rich (SPARC) impliqués dans la
résistance a I’insuline, était diminuée suite a la di¢te trés faible en calories [88]. Finalement,
Mutch et collaborateurs [90] ont observé des différences entre des femmes qui perdaient du

poids et le maintenaient suite a une di¢te faible en calories comparativement a celles qui
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perdaient du poids et le reprenaient suite a une diéte faible en calories, dans I’expression de
geénes impliqués dans les voies métaboliques du métabolisme des lipides, du cycle de

Krebs, de la phosphorylation oxydative et dans 1’apoptose.

Les différents types de gras et leurs effets sur I’expression génique ont été¢ également
¢tudiés. La consommation, durant huit semaines, d’une diéte élevée en gras saturés
comparativement a une dicte élevée en gras monoinsaturés induirait un profil d’expression
génique davantage pro-inflammatoire [91]. Une étude de 2014 chez 18 adultes en santé qui
a compar¢ I’effet d’une dicte élevée en acides gras saturés de type palmitique versus une
dicte faible en acide palmitique et élevée en acide oléique (acide gras monoinsaturé), a
observé une diminution de I’expression du gene insulin induced gene 1 (INSIGI), un géne
impliqué dans la régulation du métabolisme du cholestérol induit par 1’insuline [92].
Bergouignan et collaborateurs [93] ont observé des différences dans I’expression des génes
pyruvate dehydrogenase kinase (PDK4) et CD36 molecule (thrombospondin receptor)
(CD36) suite a la consommation d’une diéte isocalorique élevée en gras apres seulement
deux jours de consommation chez 19 participants. Les auteurs concluaient que
I’augmentation de 1’énergie consommée provenant des lipides conduisait a une
augmentation de I’oxydation des lipides dans les muscles squelettiques [93]. Une autre
é¢tude a observé qu’une dicte élevée en gras diminuait ’expression dans les muscles

squelettiques de genes impliqués dans le systeme endocannabinoide [94].

Quelques études se sont également penchées sur 1’effet des AGPI n-3/huile de poisson sur
I’expression génique [95-98]. La consommation habituelle d’AGPI n-3 a été associée a des
différences dans les voies métaboliques du métabolisme des TG et la signalisation des
lipides [96]. La prise d’AGPI n-3/huile de poisson affecte 1’expression de genes reliés a
I’inflammation tels que CD68 molecule (CD68), matrix metallopeptidase 9 (gelatinase B,
92kDa gelatinase, 92kDa type 1V collagenase) (MMP9) et chemokine (C-X-C motif) ligand
8 (CXCLS) [95,97,98]. Selon une étude issue de notre groupe de recherche, la prise de 5g
d’huile de poisson durant six semaines a pour effet de modifier I’expression génique de
genes impliqués dans les voies métaboliques reliées a PPARA, & NFKB et au stress oxydatif

[98]. Des différences dans I’expression génique en fonction des diétes ne sont toutefois pas
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toujours observées. Meneses et collaborateurs [99] ont testé¢ ’'impact de quatre dictes
(élevée en gras saturés, élevée en gras monoinsaturés, élevée en AGPI et faible en gras/
¢levée en glucides) consommées durant 12 semaines sur la réponse inflammatoire
postprandiale dans le tissu adipeux d’individus ayant le syndrome métabolique. Aucune
différence entre les di¢tes dans I’expression des génes candidats reliés a 1’inflammation
sélectionnés n’a été observée. Bjermo et collaborateurs [100] n’ont pas non plus observé de
différence dans I’expression de génes impliqués dans le métabolisme des lipides et
I’inflammation suite a la consommation de deux di¢tes (diete riche en AGPI n-6 versus

diete riche en acides gras saturés provenant du beurre) durant 10 semaines.

1.1.4 Profils alimentaires et profils de métabolites

Les apports alimentaires et les profils de métabolites sont depuis les cinq derniéres années
de plus en plus étudiés [101]. Le métabolome est influencé par I’alimentation de deux
facons, d’abord par le métabolome endogene et ensuite par le métabolome issu des aliments
(«food metabolomey) [101]. Le métabolome endogene représente tous les métabolites d’un
héte. Ses variations sont un reflet de 1’effet métabolique de ’alimentation sur la santé
[101]. Le métabolome issu des aliments est plutot la sommation de tous les métabolites qui
sont directement issus de la digestion des aliments, leur absorption dans I’intestin et la

biotransformation dans les tissus de 1’hote et du microbiote [101,102].

Impact de ’alimentation sur les profils de métabolites

Les profils de métabolites pourront éventuellement étre utilisés comme biomarqueurs de
I’impact métabolique de 1’alimentation et des apports alimentaires [101]. Entre autres,
Scalbert et collaborateurs [102] ont observé que des métabolites spécifiques issus du sérum
sont des marqueurs des apports alimentaires en certains aliments tels que certains fruits
(citron, pomme, banane, fraises, etc.), certains légumes, entre autres les légumes cruciferes,
les carottes et des Iégumes verts, les viandes rouges, le poulet et le poisson de méme que
d’autres aliments ou boissons tels que le chocolat, les croustilles et café. Guertin et
collaborateurs [20] ont répliqué en 2014 certaines associations entre les apports en certains

aliments et les métabolites issus du sérum tels que le citron et la stachydrine de méme
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qu’ils ont observé de nouvelles associations tels que la consommation d’arachides et le
bétaine tryptophane. O’Sullivan et collaborateurs [103], quant a eux ont observé que 1’O-
acetylcarnitine et le phenylacetylglutamine, issus de 1’urine, étaient associé€s positivement
avec les apports en viandes rouges et en Iégumes, respectivement. Des métabolites issus de
I’urine permettent également de distinguer la consommation d’une diete élevée en
composés phytochimiques issus des 1égumes et fruits d’une diéte sans aucun légume et fruit
[104]. Les métabolites les plus présents lors de la diéte sans légume et fruit étaient la
riboflavine, les acylcarnitines et les acides aminés [104]. Des différences dans les
concentrations de métabolites issus du plasma ont aussi été observées entre la
consommation de brocolis a teneur élevée en glucoraphanine comparativement a la
consommation de brocolis standards ou encore de pois verts [105]. Les auteurs concluaient
que les différences observées dans les concentrations de métabolites durant la
consommation de la diéte avec les brocolis a teneur élevée en glucoraphanine semblaient
indiquer un rebalancement des réactions anaplérotiques (qui synthétisent les intermédiaires
du cycle de Krebs) et cataplérotiques (qui catabolisent les intermédiaires du cycle de Krebs)

de méme qu’une meilleure intégration de la béta-oxydation des acides gras et de 1’activité

du cycle de Krebs tel que présenté a la figure 1.2 [105].

Xu et collaboteurs [106] ont examiné I’effet de la diete ou du sexe sur les profils de
métabolites issus de 1’urine. Ces derniers ont déterminé que les profils alimentaires
lactovégétarien versus omnivores affectaient davantage les concentrations de métabolites
urinaires que le sexe [106]. La consommation de noix de Grenoble affecte certains
métabolites issus de I’urine reliés au métabolisme des lipides, des composés dérivés de

I’ellagitanin et de la voie métabolique du tryptophane et de la sérotonine [107].
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Figure 1.2 Le cycle de Krebs et les réactions anaplérotiques en vert et cataplérotiques en

rouge. [105]
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La quantité d’acides gras saturés de la diete principalement 1’acide palmitique semble avoir
un impact sur les profils de métabolites. La consommation d’une dic¢te élevée en acide
palmitique durant trois semaines comparativement a la consommation d’une dicte faible en
acide palmitique et élevée en acide oléique, a produit une augmentation des concentrations
d’acylcarnitines chez neuf femmes en santé [92]. Dans cette étude, une augmentation de
I’oxydation des gras avec la diete €¢levée en acide palmitique a également €té observée [92].
Conséquemment, les auteurs mentionnaient que 1’augmentation des acylcarnitines avec la
diete élevée en acide palmitique était possiblement due a une augmentation du catabolisme
des gras afin de fournir de 1’énergie [92]. Une récente ¢tude a observé des associations
entres des profils alimentaires dérivés par reduced rank regression et les profils de
métabolites mesurés dans le sérum [108]. Dans cette étude, les auteurs ont observé que les
profils alimentaires habituels des individus étaient associés avec les concentrations de
métabolites circulant dans le sérum. Un profil alimentaire caractéris€é par une

consommation ¢levée en viandes rouges, poulet, beurre et autre mati€res grasses d’origine

22



végétale et une consommation faible de pains a grains entiers, de thé, de margarine, de
soupe, de pates et de riz était associée a un profil de métabolites reli¢ a un risque plus élevé
de diabete de type 2. Ce profil de métabolites issus du sérum était composé entre autres
d’acides aminés ramifiés, d’acides aminés aromatiques et de propionylcarnitine (C3) [109].
Un profil alimentaire caractérisé par des apports plus élevés en pommes de terre, produits
laitiers et céréales a déjeuner de type cornflakes expliquait significativement les
concentrations de méthionine et d’acides aminés ramifiées [108]. Une autre étude a observé
chez 1977 Afro-Américains qu’un profil alimentaire caractérisé par une consommation
¢levée d’aliments et de breuvages sucrés modulait les concentrations de certains
métabolites (métabolites de la voie métabolique du 2-hydroxybutyrate, y-glutamyl
dipeptides et acides gras insaturés a longues chalnes) associés au stress oxydatif et au
métabolisme des lipides [21]. En 2014, au sein d’une cohorte de 2 380 participants une
association positive entre les concentrations d’acylcarnitines mesurées dans le sérum et
I’obésité a ¢été observée tandis qu’une association inverse a été observée entre les

concentrations d’acylcarnitines et la consommation de pains a grains entiers [110].

Profils de métabolites et risque de maladies cardiovasculaires

D’autres études ont plutdt observé des associations entre les profils de métabolites et
différents facteurs de risque des MCV tels que le diabete de type 2 ou encore 1’obésité
[111-113]. Tel que mentionné précédemment, les métabolites reflétent le métabolisme
endogéne. Des patients ayant subi une chirurgie bariatrique ont été étudiés afin de mieux
comprendre les changements métaboliques survenant suite a ce type d’opération [111,114].
Des changements dans les concentrations plasmatiques d’acides aminés ramifiés, de
méthionine, de phénylalanine et d’acides gras insaturés ont été observés suite a la chirurgie
bariatrique [111,114,115]. L’observation des profils de métabolites pourrait contribuer a
déterminer précocement la qualité du fonctionnement du métabolisme d’une personne, et
cela, avant méme 1’apparition des modifications au niveau des facteurs risque traditionnels.
Par exemple, Wang et collaborateurs [116] ont suivi durant 12 ans 2 422 individus ayant
une glycémie normale. Sur ces 2422 individus, 201 ont développé le diabéte. Des
concentrations €levées d’acides aminés ramifiés (leucine, isoleucine et valine) et d’acides

aminés aromatiques (tyrosine et phénylalanine) étaient associées avec un risque augmenté
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de développer le diabéte [116]. Un risque augmenté de résistance a 1’insuline a méme été
observé chez des enfants et des adolescents ayant des concentrations plasmatiques plus
¢levées d’acides aminés ramifiés indépendamment de I’IMC [117]. Plusieurs auteurs ont
également observé des associations entre les acides aminés ramifiés, leurs dérivés (les
acylcarnitines C3 et isovaleryl carnitine (C5)) et les acides aminés aromatiques de méme
que la méthionine et le risque de diabéte de type 2 ou de résistance a 1’insuline [112,117-
119]. Une étude chez 1 872 participants a permis de déterminer qu’un profil de métabolites
caractéris¢ par des concentrations plus ¢levées d’acides aminés ramifiés était,
indépendamment de I’'IMC, associé a un métabolisme altéré défini par la présence d’au
moins deux des caractéristiques suivantes: (1) une glycémie a jeun élevée, (2) de
I’hypertension, (3) des TG ¢élevées, (4) des concentrations de C-HDL bas et (5) une

résistance a I’insuline [120].
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1.2 Les acides gras polyinsaturés oméga-3

De nombreuses études se sont penchées sur les divers effets sur la sant¢ des AGPI n-3.
Dans cette section, les différents types d’AGPI n-3, leurs effets sur le risque de MCV, leurs
effets hypotriglycéridémiant, la variabilité interindividuelle observée dans la réponse des
concentrations de TG suite a la prise d’AGPI n-3 et leurs effets sur la glycémie et

I’insulinémie seront présentés.

1.2.1 Les types d’acides gras polyinsaturés oméga-3

I1 existe plusieurs types d’AGPI n-3 dont, I’acide a-linolénique, I’AEP, I’ADH et 1’acide
docosapentaénoique (ADP). L’acide a-linolénique est le seul acide gras de type n-3 qui est
considéré comme étant essentiel puisque le corps humain ne peut le synthétiser [121].
L’autre acide gras essentiel est 1’acide linoléique qui fait partie de la famille des AGPI n-6.
Le corps humain ne peut synthétiser ces deux acides gras puisqu’il ne posséde pas les
enzymes A!% et A désaturases qui incorporent des doubles liaisons a ces positions. L’ AEP
et ’ADH peuvent étre synthétisés a partir de 1’acide a-linolénique bien que les taux de
conversion soient trés faibles, c¢’est-a-dire des taux entre 1 et 5% [122]. 1l existe également
des différences entre les sexes pour la conversion de 1’acide a-linolénique en AGPI a tres
longues chaines. La conversion vers I’ADH est plus efficace chez les femmes que les
hommes [123]. Cette différence pourrait étre due a ’effet des cestrogenes [123]. L’acide a-
linolénique est principalement retrouvé dans les aliments d’origine végétale tels que la
graine de lin, la noix de Grenoble et la graine de chia, tandis que I’AEP et ’ADH sont
surtout contenus dans les poissons gras tels que le hareng, le saumon, les anchois, le
maquereau et la sardine [124]. L’apport nutritionnel recommandé pour l’acide a-
linolénique est de 1,6 g/jour pour les hommes et de 1,1 g/jour pour les femmes [125]. Au
Canada, il n’existe pas de recommandations formelles pour les apports en AEP et ADH.
Toutefois, Santé Canada recommande la consommation de deux portions de poisson gras
par semaine, une portion (75g poisson gras cuit) équivaut a environ 0,6g a 1,6g
d’AEP+ADH [126]. Les recommandations de plusieurs pays suggerent un apport en acides
gras n-3 a trés longues chaines d’au moins 250mg/jour ce qui équivaut a environ deux

portions de poissons gras par semaine [127].
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Tel que présenté a la figure 1.3, I’acide o-linolénique (n-3) et 1’acide linoléique (n-6)
utilisent les mémes enzymes afin d’étre convertis en AGPI a chaines plus longues. L’AEP
et ’ADH sont les deux principaux constituant de 1’huile de poisson suivis par I’ADP
(22:5n-3) qui est également présent dans 1’huile de poisson [128]. L’acide a-linolénique est
converti vers I’AEP, I’ADP et I’ADH tandis que 1’acide linoléique a pour produit terminal
I’acide arachidonique (22:5n-6) [129].

Figure 1.3 Voies métaboliques pour la synthése des AGPI a trés longues chaines a partir

des acides gras essentiels. [130]
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Conséquemment, le ratio n-6/n-3 détermine quels acides gras terminaux (AEP, ADH ou
acide arachidonique) seront principalement synthétisés et incorporés dans les
phospholipides membranaires [129]. L’AEP, I’ADH et 1’acide arachidonique conduisent
tous les trois a la formation d’eicosanoides. Les eicosanoides sont des médiateurs lipidiques
qui modulent la réponse inflammatoire. Les eicosanoides dérivés de I’AEP et de I’ADH

auraient des effets davantage anti-inflammatoire (prostaglandines et thromboxanes de séries
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3 et leucotriénes de séries 5) et pro-résolution (résolvines, protectines et marésines) que les
eicosanoides dérivés de 1’acide arachidonique (prostaglandines et thromboxanes de séries 2

et leucotrienes de séries 4) [129,130].

1.2.2 Méthodes de mesures des acides gras polyinsaturés oméga-3

Afin de vérifier les apports alimentaires ou le statut en AGPI n-3, plusieurs méthodes
peuvent étre employées [131]. Par ailleurs, il n’existe pas a ce jour de biomarqueur
officiellement accepté indiquant le statut en AGPI n-3 suite a sa consommation ou
supplémentation [131]. Par contre, la mesure des AGPI n-3 dans les phospholipides du
plasma et dans les membranes érythrocytaires sont deux mesures fréquemment utilisées
[131]. La mesure de ’AEP et de I’ADH dans les phospholipides du plasma serait un bon
biomarqueur des apports alimentaires en AEP et ADH sur une période a court terme, c’est-
a-dire autour de quatre semaines, tandis que la mesure de I’AEP et de ’ADH dans les
membranes érythrocytaires permettrait d’observer les apports alimentaires a plus long
terme (quelques mois) étant donné leur plus longue demi-vie [132,133]. De plus, certains
facteurs tels que les concentrations d’AGPI n-3 de départ, I’age, le sexe et également la
fréquence de consommation, influencent le degré d’incorporation des AGPI n-3 [134-136].
Par exemple, Walker et collaborateurs [134] ont observé que les femmes avaient augmenté
davantage leurs concentrations d’AEP dans les TG que les hommes et que ces
concentrations ¢étaient également plus élevées chez les individus plus agés suite a une
supplémentation en AEP et ADH d’une durée de 12 mois. Quant a eux Browning et
collaborateurs [135] ont observé que la consommation d’AEP et d’ADH quotidienne
comparativement a la consommation intermittente, soit deux fois par semaine, €tait plus
efficace afin d’enrichir les plaquettes et les cellules mononuclées du plasma en AEP et

ADH.

1.2.3 Acides gras polyinsaturés oméga-3 et risque de maladies cardiovasculaires

Deés les années 60, les AGPI n-3 d’origine marine ont été reconnus comme potentiellement
bénéfiques pour la santé cardiovasculaire. A cette époque, Bang et Dyerberg ont entrepris

des expéditions vers le Groenland suite a des rapports anecdotiques révélant une faible
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incidence de MCV chez les Inuits [122,137]. Ces derniers avaient remarqué chez les Inuits
du Groenland une faible incidence d’infarctus du myocarde ainsi que des profils lipidiques
favorables pour la santé cardiovasculaire [122,137]. Ces effets ont été attribués a la diéte
Inuit traditionnelle composée d’apports élevés en animaux marins dont les tissus sont riches
en AGPI n-3 [137]. Depuis ce temps, plusieurs études épidémiologiques ont rapporté un
risque plus faible de MCV chez les consommateurs d’AGPI n-3 d’origine marine
[122,127,138]. Les AGPI n-3 d’origine marine ont plusieurs effets physiologiques
cardioprotecteurs. Par exemple, ils ont un impact sur la morphologie et la stabilité¢ de la
plaque athérosclérotique, des effets antiarythmiques, antithrombotiques, antihypertenseurs
et anti-inflammatoires, une influence sur la réactivité vasculaire de méme qu’un impact sur
les lipides sanguins et la distribution des sous-fractions de lipoprotéines [24,127]. L effet le
plus marqué sur les lipides sanguins suite a la prise d’AGPI n-3 d’origine marine est la
diminution des concentrations de TG [139]. Malgré I’accumulation de nombreuses
évidences démontrant que la prise de 0,85g a 1,8g par jour d’AGPI n-3 peut contribuer a
réduire le risque de MCV, de récentes études ne sont pas parvenues a reproduire cet effet et
concluaient que la prise d’AGPI n-3 ne diminuait pas les risques de MCV [138]. Par
exemple, 1’étude Alpha Omega Trial a étudié 1’effet de la prise de 2g/jour d’acide a-
linolénique et/ou 400mg d’AEP+ADH chez 4 837 individus ayant des antécédents
d’infarctus du myocarde [140]. Les auteurs n’ont observé aucun effet protecteur sur le
risque d’événements coronariens [140]. Par contre, la dose consommée d’AEP et ADH
¢tait relativement basse comparativement aux études Gruppo Italiano per lo Studio della
Sopravvivenza nell'Infarto Miocardico (GISSI) et Prevenzione, Japan EPA Lipid
Intervention Study (JELIS)) ayant démontré des effets favorables [141,142]. De plus, les
participants de cette étude consommaient a la base une quantité d’AGPI n-3 déja plus
¢levée que la moyenne américaine [138]. Deux autres études issues de la méme cohorte ont
démontré des effets bénéfiques de la prise d’AGPI n-3, une chez des patients diabétiques et
I’autre chez des patients ne prenant pas de statines [138,143,144]. Dans une autre étude,
I’Omega Trial, aucun effet bénéfique de la prise de 840mg (AEP+ADH) n’a été observé en
prévention secondaire chez 3 804 patients ayant subi récemment un infarctus du myocarde
[145]. Toutefois, cette étude a fait ’objet de nombreuses critiques, entre autres, 1I’Omega

Trial utilisait un supplément d’huile d’olive comme placebo qui aurait également des effets
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bénéfiques sur la santé cardiovasculaire [146]. De plus, I’étude Omega Trial manquait de
puissance (3 804 participants; p<0,05) comparativement a 1’é¢tude GISSI qui incluait plus
de 18 000 patients [138,141]. Finalement, une autre étude, 1’Origin Trial, qui elle avait
suffisamment de puissance, n’a pas non plus détecté d’effets bénéfiques de la prise de
850mg/jour d’AEP+ADH chez 12 536 patients ayant une glycémie a jeun anormale, une
intolérance au glucose ou étant diabétique [147]. Toutefois, dans cette étude, la prise
habituelle avant I’étude des participants d’AEP+ADH était déja de 210mg/jour ce qui est
plus élevé que la moyenne américaine, tel que rapporté par Harris [138]. De plus, environ la
moitié¢ de ces patients n’avaient pas d’antécédents de maladies cardiaques ischémiques
[138]. Globalement, les récentes études ayant démontré un effet neutre de la prise
d’AEP+ADH sur le risque de MCV ont été critiquées [148]. D’abord, ces études ne
tenaient pas compte de 1’Omega-3 Index pré-intervention, c’est-a-dire le contenu en
AEP+ADH présent dans les membranes érythrocytaires exprimé en pourcentage du
contenu total en acides gras [148]. Les principaux déterminants de 1’Omega-3 Index sont
les apports alimentaires (20% de la variabilité), I’héritabilité¢ (25% de la variabilité) et la
présence de supplémentation en huile de poisson (15% de la variabilité) [148]. Ensuite, la
biodisponibilit¢ du supplément d’AEP+ADH consommé dans les études n’a pas été prise
en considération [148]. La majorité des €tudes ont utilis€ un supplément sous la forme
d’ester d’éthyle qui serait beaucoup mieux absorbé si ingéré durant un repas riche en

lipides, ce qui n’a pas été considéré [148].

Certaines études ont également observé D’effet de I’acide a-linolénique sur le risque
cardiovasculaire. Les résultats de ces études demeurent moins probants que ceux avec les
AGPI n-3 d’origine marine. Toutefois, une récente revue de littérature de Rodriguez-Leyva
et collaborateurs [149], présente plusieurs études ayant rapporté une association inverse
entre la consommation d’acide o-linolénique et le risque d’un premier événement
cardiovasculaire. Concernant [’effet de [’acide a-linolénique sur la réduction des
concentrations de TG, les résultats sont moins probants, certaines études rapportent une
diminution et d’autres aucun effet ou méme une augmentation des concentrations de TG

[127,149].
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1.2.4 Effets hypotriglyceridémiant des acides gras polyinsaturés oméga-3

Tel que mentionné précédemment, le principal effet des AGPI n-3 sur les lipides
plasmatiques est D’effet hypotriglycéridémiant. Les prochaines sections traiteront du
métabolisme des TG, du lien entre les concentrations de TG et le risque de MCV, de I’effet
hypotriglycéridémiant des AGPI n-3, des mécanismes potentiels pouvant expliquer cet effet
et de la présence de variabilité interindividuelle dans la réponse des concentrations de TG

suite a la prise d’AGPI n-3.

Métabolisme des triglycérides

Les TG dans le corps humain sont issus de deux principales sources, soit I’alimentation et
le métabolisme endogeéne. Les TG représentent une proportion importante de 1’énergie
consommée. Les TG alimentaires sont d’abord hydrolysés puis incorporés dans des
micelles pour étre absorbés par la muqueuse intestinale et sécrétés dans la circulation
lymphatique puis la veine cave sous la forme de chylomicrons [150,151]. Les TG des
chylomicrons sont ensuite hydrolysés en acides gras libres et incorporés dans les tissus par
la lipoprotéine lipase. Le foie est I’organe central du métabolisme endogene. Ce dernier
synthétise et sécréte les VLDL qui sont des lipoprotéines riches en TG. Tel que pour les
chylomicrons, les TG des VLDL sont hydrolysés par la lipoprotéine lipase et captés par les
tissus ce qui conduit & la formation des lipoprotéines de densité intermédiaire (IDL) et
éventuellement aux LDL [151]. La mesure des concentrations de TG est donc un reflet des

TG présents principalement dans les chylomicrons et les VLDL.

Triglycérides et risques de maladies cardiovasculaires

Le rdle des TG en tant que facteur de risque indépendant ou de biomarqueur dans le risque
de MCV demeure controversé¢ [151]. Quelques ¢études ont observé chez diverses
populations que les concentrations de TG constituaient un facteur de risque indépendant
des MCV [152-155]. Toutefois, d’autres études n’ont pas observé cette association. En
2009, une méta-analyse regroupant plus de 300 000 participants n’a pas observé
d’association indépendante entre les concentrations de TG et le risque de MCV [156]. Les

concentrations de TG sont étroitement liées aux concentrations des lipoprotéines riches en
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TG de méme qu’aux concentrations de C-HDL [151]. De plus, ils sont une composante
importante du syndrome métabolique [151]. Selon la définition de la Fédération
internationale du diabéte, le syndrome métabolique est présent lorsqu’un individu présente
de I’obésité abdominale (>94cm hommes; >80cm femmes) et au moins deux des facteurs
suivants : taux élevé de TG (>1,7mmol/L), hypertension (>130mmHg/>85mmHg), taux de
C-HDL bas (<1,03mmol/L; <1,29mmol/L femmes) et une glycémie a jeun ¢levée
(=5,6mmol/L) [157]. D’ailleurs I’ International Atherosclerosis Society mentionnait dans sa
derni¢re prise de position que le risque de MCV selon Framingham était sous-estimé par
exemple chez les femmes post-ménopausées ayant le syndrome métabolique étant donné
que ce dernier n’était pas entierement considéré dans le modele Framingham, par exemple
les concentrations de TG ne sont pas considérées [158]. D’ailleurs, parmi les composantes
du syndrome métabolique, les concentrations de TG seraient la composante la plus
fortement associée a I’infarctus du myocarde et a I’accident vasculaire cérébral [159]. Des
concentrations de TG élevées peuvent également étre le reflet de désordres métaboliques
associés a la lipotoxicité tels que la stéatose hépatique non alcoolique et le diabete de type 2
[151]. Toutefois, les mécanismes de méme que les liens de cause a effet ne sont jusqu’a

maintenant pas entiérement compris.

Différents mécanismes peuvent expliquer que les concentrations de TG s’élevent. Entre
autres, il est possible que 1’absorption des TG soit augmentée, une augmentation de la
formation de nouveaux TG ou encore une réduction du catabolisme des TG [151]. L’exces
calorique et la résistance a I’insuline sont associés a [’hypertriglycéridémie, une
augmentation du tissu adipeux intra-abdominal et une stéatose hépatique non alcoolique
[151]. De plus, une consommation élevée d’aliments contenant des sucres simples, du
fructose et/ou une consommation élevée d’alcool peut contribuer a augmenter les
concentrations de TG [160]. Le fructose a un effet particulier étant donné que ce dernier
n’est pas métabolisé via la phosphofructokinase, une étape limitante de la glycolyse. Cette
enzyme est inhibée lorsque les concentrations d’ATP et de citrate augmentent ce qui régule
le métabolisme hépatique du glucose. Conséquemment, méme lorsque la
phosphofructokinase est inhibée, le fructose peut continuer a étre métabolisé et ainsi

contribuer a augmenter la production hépatique TG et de VLDL [160].
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Effet hypotriglycéridémiant des acides gras polyinsaturés oméga-3

Tel que mentionné précédemment, 1’effet le plus marqué de la prise d’AGPI n-3 d’origine
marine ou d’huile de poisson sur les lipides sanguins est la réduction des concentrations de
TG. Cet effet semble chez des individus hypertriglycéridémiques comparable a I’effet du
gemfibrozil, un médicament utilis¢ pour diminuer les concentrations de TG [139].
L’American Heart Association recommande d’ailleurs la prise de 2 a 4 g d’AEP+ADH
pour le traitement de I’hypertriglycéridémie [161]. La prise quotidienne de 3 a 4g
d’AEP+ADH permet d’abaisser les concentrations de TG de 25 a 30% [139]. L’effet de la
prise d’AEP+ADH est largement dose-dépendant, c’est-a-dire que plus les concentrations
de TG de départ sont élevées et plus la réduction sera importante [139,162]. De plus, la
prise d’AEP+ADH peut également augmenter les concentrations de cholestérol des
lipoprotéine de basse densité (C-LDL) (5-10%) et de cholestérol des lipoprotéines de haute
densité (C-HDL) (1-3%) [139]. Toutefois, il semblerait que la prise d’AGPI n-3 conduise a
une augmentation de la taille des particules LDL [163]. Les particules LDL plus larges
seraient moins athérogéniques que les particules LDL petites et denses [128,164].
Conséquemment, il est possible que 1’effet d’augmentation des concentrations de C-LDL

ne soit pas délétere pour la santé cardiovasculaire [128].

Mécanismes expliquant D’effet hypotriglycéridémiant des acides gras polyinsaturés
oméga-3

L’effet réducteur des AGPI n-3 d’origine marine sur les concentrations de TG semble en
partie causé par la diminution de la production hépatique des lipoprotéines de trés basse
densité (VLDL) qui sont des lipoprotéines riches en TG [127,165]. La synthese des VLDL
est influencée par la disponibilité des TG, qui est elle-méme modulée par les afflux de
sucres et d’acides gras libres. La figure 1.4, présente les origines des acides gras nécessaires
pour la synthése des TG. D’autre part, la prise d’AGPI n-3 augmente I’hydrolyse des TG
via une augmentation de 1’activité de la lipoprotéine lipase [167]. Certaines études ont

¢galement observé une augmentation de la clairance des particules VLDL, toutefois la
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majorité des études observant I’effet des AGPI n-3 sur le métabolisme des TG n’ont pas

rapporté ce résultat [165].

Figure 1.4 Origine des acides gras permettant la synthése des TG. [166]
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Une partie de D’effet hypotriglycéridémiant des AGPI n-3 a trés longues chaines est
attribuable a la diminution de la synthése des particules VLDL qui pourrait étre due a des
modifications dans I’expression de génes impliqués dans les voies métaboliques reliées
indirectement au métabolisme des TG tels que la lipogénese de novo et la béta-oxydation
des acides gras. En effet, les AGPI n-3 sont des ligands de certains récepteurs nucléaires
encodés par les genes liver X receptor (LXR), hepatocyte nuclear factor 4 alpha (HNF4A),
nuclear receptor subfamily 1, group H, member 4 (NRIH4), SREBF'1, PPARA, PPARG et
PPARD [166,168]. Conséquemment, les AGPI n-3 vont se lier a ces protéines et en
moduler leur action. Ensuite, ces récepteurs nucléaires affecteront I’expression d’autres
genes impliqués entre autres dans les métabolismes des lipides et des glucides [166]. Plus
précisément, ces récepteurs nucléaires se lient aux éléments de réponse, qui sont des
séquences spécifiques de 1I’ADN, de différents génes cibles et en affectent ainsi
I’expression [166]. Par exemple, LXR régule entre autres I’activité du géne SREBFI qui

affecte ensuite le métabolisme de la lipogénése de novo [166].

Les prochaines sections se pencheront sur les mécanismes pouvant affecter la disponibilité
des TG et principalement sur les voies métaboliques de la lipogénése de novo et de la béta-

oxydation des acides gras.

Lipogénese de novo

La synthese de nouveaux acides gras a partir du citrate, un intermédiaire du cycle de Krebs,
survient via la lipogénése de novo qui est régulée par le facteur de transcription encodé par
le géne SREBFI [127,165]. Tel que mentionné précédemment, une augmentation de la
lipogénése de novo augmente la disponibilité des acides gras pour la synthése éventuelle
des TG qui seront incorporés dans les VLDL [169,170]. Tanaka et collaborateurs [27] ont
observé que la prise d’un supplément d’AEP chez des souris inhibait la maturation du
sterol regulatory element-binding protein 1 (SREBP1) via la diminution de I’expression
des geénes SREBP cleavage-activating protein (SCAP) et site-1 protease (SIP). 1l a
également ét¢ observé que I’AEP permettait d’accélérer la dégradation de I’ARNm du géne

SREBF1 ce qui en diminuait son expression [171]. SREBFI régule non seulement
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I’expression de différents gene encodant pour des enzymes impliquées dans la voie de la
lipogenese de novo tels que les genes ACACA et ACLY mais également le géne glucokinase
(GCK) impliqué dans la glycolyse [172]. La voie métabolique de la lipogénese de novo est
présentée a la figure 1.4 a partir de I’acétyl-CoA issu de la conversion du citrate par
I’enzyme ACLY (ou ATP citrate lyase) provenant du cycle de Krebs vers la production de
I’acyl-CoA.

Béta-oxydation des acides gras

Tel que mentionné précédemment, les AGPI n-3 se lient également aux récepteurs
nucléaires nommés PPARs. Jusqu’a maintenant, trois isotypes PPARs ont été identifiés :
alpha, gamma et delta [173]. Le géne PPARA encode une protéine qui en se liant au PPRE
de différents génes cibles est un régulateur primordial du métabolisme des lipides [174]. La
protéine PPARA est au cceur de ’activation des acides gras, de la béta-oxydation
mitochondriale et peroxisomale des acides gras, de la cétogénése, du catabolisme des TG,
de la gluconéogéneése de méme que de la synthése et la sécrétion de la bile [174]. PPARA
exercerait son effet sur les concentrations de TG entre autres via une augmentation de la
béta-oxydation des acides gras dans les mitochondries et les peroxisomes ce qui
diminuerait la disponibilité des acides gras pour la synthése des TG [127,165,166]. Les
¢tudes démontrent que la béta-oxydation des acides gras est augmentée suite a une
supplémentation en AGPI n-3 d’origine marine [165]. PPARA forme un hétérodimére avec
la protéine retinoid x receptor alpha (RXRA). La formation de ce complexe est nécessaire
a la liaison subséquente aux PPREs [175]. L’hétérodimere PPARA/RXRA régule I’activité
de différents genes impliqués dans la béta-oxydation mitochondriale tels que carnitine
palmitoyltransferase la (CPT1A), acyl-coa dehydrogenase very long chain (ACADVL) et
acetyl-coa acyltransferase 2 (ACAA2) et dans la béta-oxydation peroxisomale tels que
ATP-binding cassette, sub-family D (ALD) (ABCD2), acyl-CoA oxidase 1, palmitoyl
(ACOX1) et acetyl-CoA acyltransferase 1 (ACAAI) [172]. Tel que présenté a la figure 1.5
bien que les acides gras saturés puissent également se lier a PPARA, les AGPI a longues et
tres longues chaines et principalement I’ADH, ont une affinité plus élevée avec ce récepteur
nucléaire [80]. Les dérivés des AGPI n-3, les eicosanoides, se lient également a PPARA et

sont des activateurs encore plus puissants que les AGPI n-3 [176].
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Figure 1.5 L’activation de PPARA par les acides gras. [80]
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1.2.5 Variabilité interindividuelle dans la réponse des triglycérides plasmatiques suite
a la prise d’acides gras polyinsaturés oméga-3/huile de poisson

Malgré que les effets sur la santé cardiovasculaire des AGPI n-3 d’origine marine soient
bien établis, une variabilité interindividuelle dans la réponse du profil lipidique suite a une
supplémentation en AGPI n-3 d’origine marine ou d’huile de poisson a été observée
[23,24]. Ces différences seraient dues a 1’age, au sexe, a ’état de santé, a 1’utilisation de
médicaments, aux habitudes alimentaires et d’activité physique ainsi qu’au profil lipidique
de départ et a I’hérédité. Selon la FINGEN Study [23,24], 31% des individus ne diminuent
pas leurs concentrations de TG suite a une supplémentation de 1,8 g/jour en AEP+ADH.
Dans la cohorte du projet de recherche intitulé FAS qui est la cohorte principale étudiée
dans le cadre de ce projet de doctorat, notre groupe de recherche a observé que 29% des
individus n’avaient pas diminué leurs concentrations de TG suite a une supplémentation de

Sg/jour d’huile de poisson dont 3g/jour d’AEP+ADH [177]. Dans la FINGEN Study [23], il
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a également été observé que les hommes portant I’alléle £4 du geéne de 1’apolipoprotéine E

(APOE) avaient eu les effets hypotriglycéridémiants les plus importants.

Dans la littérature, d’autres geénes ayant potentiellement un effet sur [’action
hypotriglycéridémique des AGPI n-3 ont été étudiés. Par exemple, il a été observé que les
porteurs de D’allele Alal2 du polymorphisme Prol2Ala du géne PPARG répondaient
davantage a une supplémentation de 2,4g/jour d’AEP+ADH que les autres individus [178].
La réponse des concentrations de TG suite a une supplémentation en AGPI n-3 d’origine
marine semble également influencée par la présence de SNPs dans des geénes tels que
CD36, Complement component 3 (C3) et PPARA [24,179-181]. Toutefois, le pourcentage
de variance expliquée par ces génes demeure faible. Conséquemment, 1’é¢tude d’autres
genes candidats s’avere nécessaire afin de mieux comprendre les différences
interindividuelles observées dans la réponse des concentrations de TG suite a une

supplémentation en AGPI n-3.

1.2.6 Acides gras polyinsaturés oméga-3 et le métabolisme du glucose, de I’insuline et
le diabéte de type 2

Les AGPI n-3 affecteraient également les concentrations de glucose, d’insuline et le risque
de diabéte de type 2. Les prochaines sections traiteront des effets des AGPI n-3 sur les
concentrations de glucose, d’insuline et le risque de diabéte de type 2, des méthodes de
mesure de la sensibilité a I’insuline et des possibles mécanismes d’action des AGPI n-3 sur

les concentrations de glucose, d’insuline et la sensibilité a I’insuline.

Effets des acides gras polyinsaturés oméga-3 sur le glucose, I’insuline, la sensibilité a
I’insuline et le risque de diabéte de type 2

La prise d’AGPI n-3 a treés longues chaines pourrait affecter les concentrations de glucose,
d’insuline ou encore la sensibilité a I’insuline. Une concentration de glucose a jeun élevée
(=>5,6mmol/L) peut faire partie du syndrome métabolique tel que décrit précédemment

[157]. La présence du syndrome métabolique, c’est-a-dire la présence de 1’intolérance au
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glucose, de I’hypertension artérielle, une dyslipidémie et de 1’obésité, particulierement
I’obésité abdominale, est fortement associée aux risques de MCV et de diabete de type 2
[182]. La résistance a I’insuline survient lorsque la réponse a I’insuline des trois tissus
principaux, soient les muscles squelettiques, le foie et le tissu adipeux, est diminuée ce qui
entraine un hyperinsulinisme et éventuellement une augmentation des concentrations de

glucose [183,184].

Les études chez les animaux révelent que les AGPI n-3 auraient des effets bénéfiques sur la
glycémie, I’insulinémie et la sensibilit¢ a I’insuline [183,185-188]. La plupart de ces
résultats ont été observés chez des rongeurs et les résultats sont jusqu’a maintenant
difficiles a observer chez I’humain. Récemment, une étude chez des macaques a observé
que le développement de I’hypertriglycéridémie et de la résistance a I’insuline induit par
une diete riche en fructose étaient prévenu par la consommation de 4g d’huile de

poisson/jour (16% AEP et 11% ADH) [186].

Tel que mentionné précédemment, chez les humains, les résultats sont beaucoup moins
concluants. D’abord, plusieurs études ont examiné ’effet des AGPI n-3 sur le risque ou
I’incidence de diabéte de type 2. Une récente méta-analyse étudiait 1’effet des AGPI n-3 sur
I’incidence de diabete de type 2 chez 540 184 personnes dont 25 670 cas de diabete de type
2 [189]. Dans cette ¢tude la consommation d’AEP+ADH ou encore de poisson de méme
que les concentrations circulantes d’AGPI n-3 n’affectaient pas ’incidence de diabete de
type 2. Toutefois, les auteurs rapportent une association inverse non significative entre la
consommation d’acide a-linolénique de méme que les concentrations circulantes d’acide a-
linolénique et I’incidence de diabete de type 2. D’autres auteurs rapportent une grande
hétérogénéité, en fonction des régions géographiques (Etats-Unis, Europe et
Asie/Australie), de I’effet de la consommation d’AGPI n-3 ou encore de poisson sur le
risque de diabéte de type 2 [190]. Une autre méta-analyse n’a pas observé chez des
individus diabétiques de type 2 d’effet des AGPI n-3 sur les concentrations de glucose ni
d’insuline [191]. Une étude chez des diabétiques de type 2 a examiné I’effet de la prise de
4g d’AGPI n-3 par jour comparativement & un placebo durant dix semaines sur les

concentrations d’acides gras non-estérifiés (acides gras libres), la sensibilité a I’insuline et
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les concentrations de glucose [192]. Les auteurs rapportent une amélioration de la
sensibilit¢ a I’insuline pour le groupe prenant les AGPI n-3 et une diminution des
concentrations d’acides gras non-estérifiés. Une autre étude chez des adultes en santé ayant
un surplus de poids a observé une amélioration de la sensibilité a 1’insuline suite a la prise
durant 6 semaines de 0,3g d’AGPI n-3 a trés longues chaines (AEP+ADH) [193]. D’autres
études ont démontré des effets bénéfiques des AGPI n-3 sur les concentrations de glucose,
d’insuline et la sensibilit¢ a 1’insuline chez différentes populations telles que chez des
femmes ayant le syndrome des ovaires polykystiques [194] et chez des enfants et
adolescents obeses [195]. Dasarathy et collaborateurs [196], ont étudié I’effet de la prise de
3,6g d’AGPI n-3 (AEP+ADH) chez des patients diabétiques de type 2 ayant une stéatose
hépatique non-alcoolique. Ces auteurs ont observé une détérioration des concentrations de
glucose et de la résistance a 1’insuline mesurée par 1’indice homeostasis model assessment
(HOMA). Une augmentation des concentrations de glucose et/ou d’insuline suite a la prise
d’AGPI n-3 a également été rapportée par d’autres auteurs [197,198]. Toutefois, les méta-
analyses observant ’effet de la prise d’AGPI n-3 ou d’huile de poisson sur le contrdle
glycémique d’individus diabétiques n’ont pas observé de détérioration [191,199,200].
Abeywardena et collaborateurs [183] concluent que les bienfaits des AGPI-n3 sur les
concentrations de glucose et d’insuline de méme que sur la sensibilité a I’insuline et le
risque de diabéte de type 2 devraient étre vus de maniere systémique en considérant
I’impact de 1’incorporation dans les membranes cellulaires des AGPI n-3 et leur effet sur
les concentrations de TG. Par exemple, une plus grande incorporation des AGPI n-3 dans
les membranes cellulaires pourrait affecter les voies de signalisation de !’insuline

[168,188].

Certaines ¢études ont étudié les associations entre les concentrations d’AGPI n-3 dans les
phospholipides ou encore dans les érythrocytes. Lou et collaborateurs [201] ont observé
que les concentrations en AGPI n-3 dans les phospholipides du sérum étaient plus basses
chez les individus diabétiques et ayant une stéatose hépatique non-alcoolique
comparativement aux individus en santé. Mahendran et collaborateurs [202], n’ont pas
observé d’association entre les concentrations érythrocytaires d’AGPI n-3 a trés longues

chaines (AEP et ADH) et les niveaux d’intolérance au glucose. Toutefois, une association
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inverse a été observée entre les concentrations érythrocytaires d’acide linoléique et les

niveaux d’intolérance au glucose [202].

En résumé, toutes ces études démontrent bien que I’effet des AGPI n-3 sur les
concentrations de glucose, d’insuline et la sensibilité a I’insuline chez I’humain est encore
mal connu. Il est possible que plusieurs facteurs affectent la réponse de ces paramétres a la
prise d’AGPI n-3, par exemple, il est possible que la variabilité des résultats observés chez
I’humain soit attribuable aux différences dans les quantités d’AGPI n-3 fournies aux
participants, la durée de la période d’exposition des participants aux AGPI n-3, 1’état

métabolique d’un individu ou encore certains facteurs génétiques [184].

Mesure de la sensibilité a I’insuline

Afin de mesurer les niveaux de sensibilité et/ou de résistance a I’insuline différentes
méthodes directes et indirectes peuvent étre utilisées [203]. Par exemple, les niveaux de
sensibilité ou de résistance a 1’insuline peuvent étre mesurés directement par des clamps
euglycémiques hyperinsulinémiques [203]. Afin de mesurer indirectement les niveaux de
sensibilité ou de résistance a 1’insuline, il est possible de réaliser le test oral de tolérance au
glucose (OGTT) ou encore d’utiliser des indices. Par exemple, chez les individus en santé,
une augmentation des concentrations d’insuline a jeun refléte une augmentation de la
résistance a I’insuline, conséquemment 1’indice 1/(insuline a jeun) est parfois utilisé [203].
Le ratio glucose/insuline est aussi parfois utilis€ mais ce dernier ne refléte pas
adéquatement les mécanismes sous-jacents a la sensibilité a I’insuline [203]. La méthode la
plus fréquemment utilisée se nomme HOMA qui a été¢ développée en 1985 [204]. Cette
méthode tient compte des interactions entre le glucose et I'insuline afin d’estimer la
résistance a I’insuline de méme que la fonction des cellules béta du pancréas. L’indice
HOMA considere que les concentrations de glucose sont régulées par la production
hépatique de glucose en fonction des concentrations d’insuline et que les concentrations
d’insuline sont elles-mémes dépendantes de la réponse des cellules béta du pancréas aux
concentrations de glucose [203]. La formule permettant de calculer I’indice HOMA -insulin

resistance (IR) est la suivante :
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HOMA-IR = (insuline mU/L X glucose mmol/L)/22,5

Un autre indice mesurant la sensibilité a I’insuline se nomme guantitative insulin sensitivity
check index (QUICKI). Cet indice est obtenu avec une transformation mathématique des
concentrations de glucose et de I’insuline a jeun. L’indice QUICKI utilise les logarithmes

du glucose et de I’insuline selon la formule suivante [203] :

QUICKI = 1/(log(insulin(mU/L)) + log(glucose (mg/dL)))

L’indice QUICKI est davantage corrélé aux résultats issus du clamp euglycémique
hyperinsulinémique que l’indice HOMA. Toutefois, lorsque les valeurs obtenues avec
I’indice HOMA sont transformées avec une transformation logarithmique le log (HOMA)
et le QUICKI sont plutét comparables [203]. Il a également été observé que I’indice
QUICKI était davantage reproductible que 1’'indice HOMA avec des coefficients de

variation de 3,9% versus 26,7%, respectivement [205].

Mécanismes d’action des acides gras polyinsaturés oméga-3 sur les concentrations de
glucose, d’insuline et de la sensibilité a I’insuline

L’héritabilité de la glycémie serait d’environ 10% a 26% chez les Caucasiens [206,207].
Pour les concentrations d’insuline I’héritabilité serait d’environ 36% a 48% [208,209].
Conséquemment, une part de la variabilité observée dans les concentrations de glucose et
d’insuline est due a des facteurs génétiques. Une multitude de genes sont impliqués de pres
ou de loin a la voie de signalisation de I’insuline et au métabolisme du glucose. Les AGPI
affectent I’activité des facteurs de transcriptions encodés par les génes PPARs et SREBF']
[184]. Clarke [210] proposait en 2000 un modele ou les AGPI n-3 affectaient la sensibilité
a l'insuline a travers leurs effets sur les facteurs de transcription entre autres, PPARA et
SREBF I, tel qu’illustré a la figure 1.6. L’activation de PPARA augmente la voie de la béta-

oxydation des acides gras tandis que I’inhibition de SREBFI diminue la voie de la
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lipogénese de novo ce qui aurait pour effet de diminuer la disponibilité des acides gras,

améliorer la captation du glucose et diminuer la résistance a I’insuline.

Figure 1.6 Impact des AGPIs sur la régulation des facteurs de transcriptions (PPARs et
SREBFI). [210]
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Fig. 1. Schematic mechanism of PUFA regulation of fuel paritioning. Thiazol, thiazalidine-
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Chez les individus obéses, les adipocytes de plus grandes dimensions exhiberaient un stress
augmenté au niveau du réticulum endoplasmique et des anormalités dans les mitochondries
[184]. Ce stress pourrait ¢galement conduire a des défauts de régulation du géne SREBFI et
favoriser la lipogénese de novo de méme qu’affecter la sensibilité a I’insuline [184]. Il a été
observé que le DHA diminuait ’activation du gene SREBFI via le récepteur nucléaire
LXRA [184]. De plus, la translocation nucléaire de SREBP1 serait modulée par les AGPI
n-3 via lactivité de certaines protéines kinases telles que protein kinase C (PKC) et
extracellular-signal-regulated kinase (ERK) [211]. Une consommation plus ¢élevée d’ AGPI
n-3 modifie également la composition des membranes cellulaires ce qui pourrait contribuer
a améliorer la captation du glucose et diminuer la résistance a I’insuline [210]. Il a été
observé que les AGPI sont des constituants importants des phospholipides des parois
cellulaires [212]. Des apports plus €levés en AGPI n-3 produisent un enrichissement des
parois cellulaires entre autres des cellules reliées a I’'immunité et a I’inflammation telles que
les lymphocytes, les macrophages et les neutrophiles. Cette augmentation se fait au
détriment du contenu en acide arachidonique dans les parois cellulaires [212]. Ces
modifications pourraient permettre un fonctionnement optimal des protéines membranaires,

améliorer la fluidité de la membrane cellulaire et affecter la formation des radeaux
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lipidiques [212]. Tous ces changements pourraient affecter la signalisation cellulaire et

ainsi moduler par exemple, la sensibilité a I’insuline.
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1.3 L’application des connaissances

Etant donné que la génomique nutritionnelle n’est pas une science présentement utilisée
d’emblée dans la pratique des professionnels de la santé, I’étude de cette science ne pourrait
étre compléte sans un volet dédié a ’application des connaissances. La prochaine section
décrit le troisieme et dernier volet de cette thése de doctorat et porte sur I’application des
connaissances en lien avec la génomique nutritionnelle vers les professionnels de la santé.
Il existe plusieurs définitions pour I’application des connaissances, également nommé
transfert des connaissances [213]. Les Instituts de recherche en santé du Canada I’ont
récemment décrit comme étant un «processus dynamique et itératif qui englobe la synthése,
la dissémination, I’échange et 1’application conforme a I’éthique des connaissances dans le
but d’améliorer la santé des Canadiens, d’offrir de meilleurs produits et services de santé et
de renforcer le systéme de santé» [214]. L’application des connaissances est un champ de
pratique et de recherche qui aurait le potentiel d’augmenter 1’utilisation des connaissances a
tous les niveaux et également dans la prise de décision [213]. Un des ¢léments clés de
I’application des connaissances est le dialogue bidirectionnel entre les chercheurs et les
utilisateurs des connaissances tels que les professionnels de la santé [215]. Les prochaines
sections traitent de I’application des connaissances spécifique au domaine de la génomique
nutritionnelle et de I'utilisation d’un cadre théorique chez les professionnels de la santé afin
de mieux comprendre les déterminants de 1’intention de réaliser un comportement ou du

comportement lui-méme.

1.3.1 L’application des connaissances en nutrigénomique

La génomique nutritionnelle est un domaine émergeant qui comprend la nutrigénomique, la
nutrigénétique et I’épigénomique nutritionnelle [216]. La récente position de 1I’Academy of
Nutrition and Dietetics mentionne que la génomique nutritionnelle donne un apercu de la
facon dont la diéte et le génome interagissent afin de moduler le phénotype [216]. Les
diététistes sont des professionnels de la santé spécialisés dans le domaine de la nutrition et
seraient les mieux outillés afin d’intégrer des recommandations issues de la génomique
nutritionnelle dans leur pratique professionnelle autant clinique que publique [217,218].

Drailleurs, les diététistes travaillent déja fréquemment auprés de patients et/ou clients qui
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présentent des maladies issues de facteurs environnementaux et génétiques telles que le
diabéte de type 2, les MCV et le cancer. Toutefois 1’Academy of Nutrition and Dietetics
stipule que les diététistes ne devraient pas étre responsables de la divulgation des résultats
de tests génétiques a leurs patients ou clients mais plutdt travailler de concert avec un
professionnel de la génétique ou un médecin [216]. De leur coté, les Diététistes du Canada
n’ont pas émis d’avis concernant la pertinence de la génomique nutritionnelle dans la

pratique professionnelle des diététistes.

Il existait déja en 2008, environ une trentaine de compagnies offrant des tests de
nutrigénétique disponibles directement aux consommateurs (Direct-to-consumer) [219].
Depuis les dix dernieéres années, ces tests sont devenus trés présents étant donné la
diminution des colits de génotypage, 1’amélioration des techniques de laboratoire et le
manque de législation [216]. Les professionnels de la santé ne sont la plupart du temps pas
impliqués par les compagnies offrant des tests de nutrigénétique [220]. Il a été observé que
ces tests n’étaient pas appuyés par de solides évidences scientifiques. Les compagnies
offrant ces tests pronent plusieurs bienfaits, toutefois I’efficacité réelle de ces tests sur
I’optimisation de la santé n’a pas été validée [221-223]. De plus, ceux-ci n’utilisent que
quelques SNPs pour prédire un risque plus élevé de maladie alors que chacun de ces SNPs
n’expliquent qu’une faible partie de la variance observée dans la réponse a un nutriment, un
aliment ou un type d’alimentation particulier [219]. Ce phénomeéne est tres fréquent lorsque
des maladies multifactorielles sont étudiées telles que les MCV [224,225]. Cela indique que
potentiellement plusieurs SNPs pourraient avoir des effets synergiques, additifs ou encore
antagonistes. Actuellement, 1’utilité clinique de ces tests est discutable et serait plutot faible
[222,226,227]. D’ailleurs, Corella et collaborateurs [228] de méme que Minihane et
collaborateurs [229], ont révisé récemment les évidences dans le domaine et ont conclu que
davantage d’¢études devront étre réalisées avant de pouvoir appliquer concrétement ce

savoir.

Le manque d’études en génomique nutritionnelle n’est pas le seul obstacle, les
professionnels de la santé, dont les diététistes ne sont pas non plus adéquatement préparés a

appliquer la génomique nutritionnelle dans leur pratique. Selon Weir et collaborateurs
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[230], les professionnels de la santé sentent qu’ils manquent de compétences afin de
transmettre ce savoir a leurs patients et/ou clients. De plus, ces derniers sont septiques
envers I’applicabilit¢ immédiate de la génomique nutritionnelle étant donné 1’état des
connaissances actuelles [230]. Toutefois, la plupart des professionnels de la santé étaient en
accord avec le fait qu’éventuellement la génétique sera au cceur de la pratique clinique
[230]. Une autre étude menée au Royaume-Uni ciblant exclusivement les diététistes, a
observé qu’en moyenne le niveau de connaissances en génétique et en génomique
nutritionnelle était faible et qu’un niveau de connaissances plus ¢élevé était associé avec le
degré d’éducation universitaire de méme que la participation a des formations continues
[30]. Cette observation a également été remarquée aux Etats-Unis, ou 81% des diététistes
pensaient manquer de connaissances en regard de la génomique nutritionnelle [31]. Rosen
et collaborateurs [31], ont étudi¢ les besoins en formation continue en génomique
nutritionnelle de diététistes américains. Dans leur étude, la plupart des diététistes étaient
d’avis que la génomique nutritionnelle aurait des effets positifs tels qu’une plus grande
individualisation des recommandations alimentaires, une plus solide base a ces
recommandations et qu’elles permettraient de prévenir certaines maladies plus
efficacement. Les besoins en formation continue les plus importants formulés par les
diététistes étaient d’acquérir davantage de connaissances de base en génomique
nutritionnelle de méme que la facon de communiquer a leurs patients et/ou clients les
notions issues de cette science. Une limitation observée était le nombre de diététistes
experts en génomique nutritionnelle en mesure d’offrir des conférences et des ateliers de
formation continue [31]. La situation aupres des diététistes québécois n’est pas différente
de celle mentionnée précédemment chez les diététistes du Royaume-Uni et des Etats-Unis.
Un récent sondage mené aupres de 373 diététistes membres de 1’OPDQ (Ordre
professionnel des diététistes) a observé que 76% des diététistes travaillant en nutrition
clinique dans le réseau de santé publique et 63% des diététistes travaillant en nutrition
clinique dans le secteur privé considéraient ne pas avoir suffisamment de connaissances
afin d’incorporer la nutrigénomique dans leur pratique professionnelle [29]. La plupart des
diététistes (77%) connaissaient le terme nutrigénomique toutefois une plus faible
proportion des diététistes était au courant que des tests de nutrigénétique étaient disponibles

directement pour les consommateurs sur le réseau Internet, plus précisément, 49% chez les
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diététistes avec moins de 5 ans d’expérience et seulement 12% chez les diététistes avec plus

de 25 ans d’expérience [29].

Malgré que plusieurs étapes restent a franchir avant [’application de la génomique
nutritionnelle a la pratique professionnelle des diététistes, des tests de nutrigénétique
disponibles directement au consommateur (DTC) existent déja sur le marché et méme
certains tests disponibles via un diététiste tels que Nutrigenomix au Canada qui est déja
offert par presqu’une vingtaine de diététistes au Québec [231]. Conséquemment, le niveau
de connaissances et d’aptitudes chez les diététistes doit étre augmenté afin de maintenir a
jour les connaissances de ces derniers en lien avec les avancées de la recherche en
génomique nutritionnelle. Cela permettra éventuellement aux diététistes d’aborder de fagon
nuancée la génomique nutritionnelle avec leurs patients/clients ou encore les autres

professionnels de la santé.

1.3.2 La théorie du comportement planifié et I’application des connaissances

Afin de promouvoir I’application des connaissances, de nombreuses stratégies peuvent étre
employées telles que des interventions visant a augmenter le niveau de connaissances, a
amener un changement d’attitude ou encore un changement de pratique [232,233]. Avant
de sélectionner une de ces stratégies, l’utilisation de cadre théorique afin de mieux
comprendre les déterminants du comportement étudié s’avererait une €tape importante afin
d’¢laborer des interventions efficaces [33,234]. Les théories sociales cognitives fournissent
ces types de cadre théorique et consideérent les pensées et les cognitions comme des
processus reliant un stimuli et la réponse d’une personne dans une situation précise [33]. Il
a été observé que I’intention était un prédicteur valide de I’adoption d’un comportement
chez les professionnels de la santé¢ [235]. Environ 28% de la variance dans un
comportement serait expliquée par 1’intention [236]. Godin et collaborateurs [33] ont publié
une revue de la littérature incluant 76 études utilisant un cadre théorique tel que 1’action
raisonnée/théorie du comportement planifié, la théorie des comportement interpersonnels et
le modéle d’acceptation de technologie. Le pouvoir prédictif du comportement des études

utilisant la théorie de [I’action raisonnée ou encore son extension, la théorie du
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comportement planifié, était plus élevé que les études utilisant d’autres théories [33]. Afin
de prévoir I'intention, la théorie de 1’action raisonnée/théorie du comportement planifi¢
¢tait la plus utilisée tandis que la théorie des comportements interpersonnels avait le
pouvoir prédictif le plus élevé, suivi de la théorie de I’action raisonnée/théorie du
comportement planifié [33]. La théorie du comportement planifi¢ est la théorie sociale
cognitive la plus utilisée dans le domaine des comportements relatifs a la santé [33]. Cette
théorie a ¢été élaborée par Ajzen et Fishbein afin d’améliorer le modéele de la théorie de
I’action raisonnée pour les comportements qui sont sous controle partiellement volitif en
ajoutant le concept de perception de contréle au modéele théorique [237]. Tel qu’illustré a la
figure 1.7, la théorie du comportement planifié comprend les concepts d’attitude envers le
comportement, la norme subjective et la perception de contréle qui peuvent prédire
I’intention de méme que I’intention et la perception de contréle qui seraient prédicteur du

comportement [237].

Figure 1.7 Diagramme de la théorie du comportement planifié. [237]
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L’utilisation de la théorie du comportement planifi¢ comme cadre théorique pourrait
permettre dans le cadre de ce projet de doctorat d’identifier les déterminants de 1’intention
et du comportement des diététistes de discuter de nutrigénétique avec leurs patients/clients.
La connaissance de ces déterminants permettra de cibler certains ¢léments clés a inclure

dans un futur outil de formation pour les diététistes de ’OPDQ.
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Chapitre 2 :

Problématique
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L’étude de I’alimentation et de son impact sur la santé est complexe. Effectivement, chez
I’humain, il est difficile d’isoler complétement 1’effet d’un nutriment sur un parameétre de la
santé étant donné que plusieurs autres facteurs tels que la variabilité génétique et les autres
habitudes de vie vont également avoir une influence. L’impact de profils alimentaires
globaux sur la santé est encore mal compris. Conséquemment, des études observant 1’effet
de I’alimentation globale sur non seulement les marqueurs sanguins mais également en
amont dans le métabolisme du corps humain tel qu’au niveau de 1I’expression des geénes et
des intermédiaires du métabolisme soit les métabolites, pourraient permettre de mieux
comprendre ’effet systémique de I’alimentation sur le métabolisme et sur I’état de santé

métabolique.

Etant donné les interactions complexes qui peuvent survenir entre les facteurs génétiques et
alimentaires, il est également intéressant d’étudier I’effet isolé¢ d’un seul nutriment afin de
mieux comprendre la variabilité de la réponse observée. La prise d’huile de poisson est
reconnue pour son effet hypotriglycéridémiant. Conséquemment, cela en fait un modele
idéal pour tenter de mieux comprendre ce qui affecte la variabilité interindividuelle
observée dans la réponse des concentrations de TG. Dans le cadre de ce projet de doctorat,
deux voies métaboliques en lien avec la réponse des concentrations de TG a une
supplémentation en huile de poisson ont été étudiées, soit la lipogénese de novo et la béta-
oxydation des acides gras. Les genes candidats ont été sélectionnés pour leur implication
dans I’'une de ces voies métaboliques. De plus, les génes candidats devaient étre régulés par

les facteurs de transcription encodés par les génes PPARA et/ou SREBF 1.

Non seulement, les connaissances et la recherche scientifique sont importantes mais
également 1’application des connaissances et ce projet de doctorat ne pourrait étre complet
sans un volet relié a ce domaine. De surcroit, selon la littérature, les diététistes ne
détiennent pas, pour la plupart, les bases afin d’intégrer a leur pratique professionnelle

certains aspects de la génomique nutritionnelle.
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Conséquemment, 1’objectif général de ce projet de doctorat était d’utiliser la génomique
nutritionnelle afin de mieux comprendre I’'impact de profils alimentaires sur la santé
métabolique et la variabilit¢ de la réponse des facteurs de risque de MCV a une

supplémentation en huile de poisson.

Afin d’atteindre cet objectif, plusieurs objectifs spécifiques ont été déterminés et poursuivis
a ’aide de trois différentes études. D’abord, 1’é¢tude nommée FAS au cours de laquelle j’ai
participé autant au volet clinique de 1’étude, qu’aux analyses de laboratoire et a I’analyse
des données. Les résultats présentés aux chapitres 3, 4, 5, 6, 7 et 8 sont issus de I’étude
FAS. Ensuite, I’étude nommée INFOGENE pour laquelle j’ai pu utiliser la base de données
afin d’étudier et d’observer certaines associations qui avaient ét¢ détectées dans un premier
temps durant I’étude FAS suite a une étude de GWAS. Les résultats issus de ces analyses
sont présentés au chapitre 9. Finalement, I’étude effectuée aupreés d’un échantillon de
diététistes membres de ’OPDQ pour laquelle j’ai réalisé toutes les étapes allant de la
conception a 1’analyse des résultats de méme qu’a 1’écriture de ’article est présentée au

chapitre 10.

Les objectifs spécifiques étaient les suivants :

1. Etudier les associations entre des profils alimentaires dérivés d’une analyse factorielle et
I’expression génique sur le génome entier.

Hypothése

1.1 Les profils alimentaires dérivés d’une analyse factorielle sont associés a des profils

d’expression génique reliés aux maladies chroniques complexes.

2. Etudier les associations entre des profils alimentaires dérivés d’une analyse factorielle et
les profils de métabolites, spécifiquement les acides aminés et les acylcarnitines.

Hypothese

2.1 Les profils alimentaires dérivés d’une analyse factorielle sont associés aux profils

de métabolites constitués d’acides aminés et d’acylcarnitine.
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3. Etudier les associations entre des SNPs présents dans les génes SREBFI, ACLY, ACACA
et GCK encodant pour des enzymes impliquées ou reliées a la voie de la lipogénése de
novo et la réponse des concentrations de TG suite a la supplémentation en huile de poisson.
Hypothese
3.1 La variabilité génétique des genes SREBF1, ACLY, ACACA et GCK explique
une partie de la variabilité interindividuelle observée dans la réponse des

concentrations de TG suite a la supplémentation en huile de poisson.

4. Etudier les associations entre des SNPs présents dans les génes RXRA, CPTIA,
ACADVL, ACAA2, ABCD2, ACOXI et ACAAI encodant pour des enzymes impliquées dans
la voie de la béta-oxydation des acides gras et la réponse des concentrations de TG suite a
la supplémentation en huile de poisson.

Hypothese

4.1 La variabilité génétique des genes RXRA, CPT1A, ACADVL, ACAA2, ABCD?2,

ACOXI et ACAAI explique une partie de la variabilité¢ interindividuelle observée

dans la réponse des TG suite a la supplémentation en huile de poisson.

5. Etudier les associations entre des SNPs présents dans le géne SREBF] et la réponse des
concentrations d’insuline, de glucose et de la sensibilit¢ a I’insuline suite a la
supplémentation en huile de poisson.

Hypothese

5.1 La présence de SNPs dans le géne SREBF1 module la réponse du glucose, de

I’insuline et de la sensibilité a I’insuline suite a la supplémentation en huile de

poisson.
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6. Etudier les associations entre des SNPs identifiés lors d’un précédent GWAS réalisé dans
I’étude FAS et les concentrations de TG de méme que les proportions d’acides gras dans les
phospholipides du plasma dans la cohorte INFOGENE.

Hypothese

6.1 Les SNPs qui ont été¢ détectés au cours d’un précédant GWAS modulent les

concentrations de TG et les proportions d’acides gras dans les phospholipides du

plasma.

7. Etudier les facteurs influengant I’intention et le comportement des diététistes de discuter
de nutrigénétique avec leur patient/client a I’aide d’un cadre théorique.

Hypothese

7.1 Les variables de la théorie du comportement planifi¢ sont associées a I’intention

et au comportement de discuter de nutrigénétique avec leur patient/client.
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Chapitre 3

Associations entre les profils alimentaires et les profils d’expression

génique chez des hommes et des femmes en santé : une étude transversale

Annie Bouchard-Mercier, Ann-Marie Paradis, Iwona Rudkowska, Simone Lemieux,

Patrick Couture et Marie-Claude Vohl

Nutrition Journal, 2013, 12 :24-36
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Résumé

Introduction : L’alimentation régule 1’expression génique par plusieurs mécanismes.
L’objectif de cette étude était d’examiner I’expression génique en relation avec les profils
alimentaires. Méthodes : Deux cent cinquante-quatre participants de la région
métropolitaine de Québec ont été recrutés. Deux cent dix participants ont complété le
protocole de I’étude. Les profils alimentaires ont été dérivés par analyse factorielle a partir
de données issues de questionnaires de fréquence alimentaire (QFA). Pour trente
participants a jeun, I’ARN a été extrait des cellules mononucléées périphériques sanguines
(PBMC:s) et les niveaux d’expression de 47 231 transcripts d’ARNm ont été mesurés par
les puces Illlumina Human-6 v3 Expression BeadChips®. Les données issues des
micropuces ont été¢ pré-traitées avec le logiciel Flexarray et analysées avec Ingenuity
Pathway Anaysis (IPA). Résultats : Deux profils alimentaires ont été identifiés. Le profil
alimentaire Prudent était caractérisé par une consommation élevée de légumes, fruits,
produits céréaliers a grains entiers et une faible consommation de produits céréaliers
raffinés tandis que le profils alimentaire Western était caractérisé par une consommation
¢levée de produits céréaliers raffinés, desserts, sucreries et viandes transformées. Lorsque
les individus avec des scores ¢€levés au profil alimentaire Prudent étaient comparés aux
individus avec de faibles scores, 2 083 transcrits étaient différentiellement exprimés chez
les hommes, 1 136 transcrits chez les femmes et 59 étaient différentiellement exprimés chez
les hommes et les femmes. Pour le profil alimentaire Western, 1 021 transcrits étaient
différentiellement exprimés chez les hommes ayant un score élevé comparativement a ceux
ayant un score faible, 1 163 chez les femmes et 23 autant chez les hommes que les femmes.
IPA indiquait que les genes différentiellement exprimés pour les deux profils alimentaires
étaient présents dans des voies métaboliques reliées au systéme immunitaire et/ou a la
réponse inflammatoire, au cancer et aux maladies cardiovasculaires. Conclusion : Les
profils d’expression étaient différents en fonction des scores aux profils alimentaires, ce qui

pourrait moduler le risque de maladies chroniques.
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Abstract

Background: Diet regulates gene expression profiles by several mechanisms. The
objective of this study was to examine gene expression in relation with dietary patterns.
Methods: Two hundred and fifty four participants from the greater Quebec City
metropolitan area were recruited. Two hundred and ten participants completed the study
protocol. Dietary patterns were derived from a food frequency questionnaire (FFQ) by
factor analysis. For 30 participants (in fasting state), RNA was extracted from peripheral
blood mononuclear cells (PBMCs) and expression levels of 47,231 mRNA transcripts were
assessed using the Illumina Human-6 v3 Expression BeadChips®. Microarray data was
pre-processed with Flexarray software and analysed with Ingenuity Pathway Analysis
(IPA). Results: Two dietary patterns were identified. The Prudent dietary pattern was
characterised by high intakes of vegetables, fruits, whole grain products and low intakes of
refined grain products and the Western dietary pattern, by high intakes of refined grain
products, desserts, sweets and processed meats. When individuals with high scores for the
Prudent dietary pattern where compared to individuals with low scores, 2,083 transcripts
were differentially expressed in men, 1,136 transcripts in women and 59 transcripts were
overlapping in men and women. For the Western dietary pattern, 1,021 transcripts were
differentially expressed in men with high versus low scores, 1,163 transcripts in women
and 23 transcripts were overlapping in men and women. IPA reveals that genes
differentially expressed for both patterns were present in networks related to the immune
and/or inflammatory response, cancer and cardiovascular diseases. Conclusion: Gene
expression profiles were different according to dietary patterns, which probably modulate

the risk of chronic diseases.
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Introduction

With the knowledge acquired by dietary patterns, dietitians can provide their patients or
clients dietary recommendations that take into account not only one nutrient but the overall
diet. Dietary patterns have been associated with several cardiovascular risk factors such as
blood pressure, obesity, serum lipids, and inflammatory markers such as C-reactive protein
(CRP) [1-4]. They have also been related to the risk of mortality from cardiovascular
diseases and cancer [5]. In a recent systematic review, the Prudent dietary pattern was
associated with a reduced risk of stroke and the Western pattern with an increased risk [6].
The Western dietary pattern was associated with an increased risk of colon cancer [7].
Additionally, Meyerhardt ef al. [8] have shown an increase in colon cancer recurrence with
the Western dietary pattern. Dietary patterns have also been associated with plasma
proteomic biomarkers [9]. The Western dietary pattern was positively associated with a
group of protein including proteins related to coagulation and lipid metabolism [9]. A few
methods to generate dietary patterns, such as factor and cluster analyses, have been
described in the literature [10]. The use of dietary patterns assessed by factor analysis has

been proven to be a reproducible and valid method among different populations [11-13].

Microarray data can be used to study changes in gene expression for thousands of genes
simultaneously. Gene expression studies have observed associations with diseases such as
cancer and cardiovascular diseases [14,15]. Diet is an important regulator of gene
expression [14,16]. Dietary patterns may impact gene expression through several
mechanisms, for example certain dietary compounds bind to transcription factors and
regulate their activity such as polyunsaturated fatty acids (PUFA) with peroxisome
proliferator-activated receptors (PPARs) [17]. Studies regarding energy restricted diets and
their effects on gene expression levels have observed down-regulation of genes involved in
glycolytic and lipid synthesis pathways [40]. Distribution of macronutrients also seems to
have an impact on gene expression regulation. Compared to a diet rich in monounsaturated
fats, a diet rich in saturated fats resulted in a more proinflammatory gene expression profile
[20]. The Mediterranean diet has been associated with a decreased in expression of genes

involved in the inflammatory response [21].
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To our knowledge, the effects of dietary patterns derived from factor analysis on gene
expression profile have never been investigated. Thus, the objective of this study was to
examine associations between dietary patterns derived from factor analysis and gene

expression profiles.
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Methods

Subjects and study design

Two hundred and fifty four participants were recruited between September 2009 and
December 2011 from the greater Quebec City metropolitan area through advertisements in
local news as well as by electronic messages sent to university students/employees. Women
who were pregnant or breastfeeding were excluded. To be eligible, participants had to be
between 18 to 50 years of age, non-smokers and free of any thyroid or metabolic disorders
requiring treatment, such as diabetes, hypertension, severe dyslipidemia and coronary heart
disease requiring treatment. The body mass index (BMI) of the participants was between 25
and 40 kg/m®. Subjects drinking regularly more than 2 drinks per day, taking omega-3
PUFA (n-3 PUFA) supplements 6 months prior to the study and other medication or
supplement affecting lipid and lipoprotein metabolism were excluded. A total of 210
participants completed the protocol which is described elsewhere [22] and were included in
this cross-sectional study. Subjects all provided written consent to participate into the
study, which was approved by the ethics committees of Laval University Hospital Research
Center and Laval University. This trial was registered at clinicaltrials.gov as

NCTO01343342.

Anthropometric measurements

Body weight, height, and waist circumference were measured according to the procedures
recommended by the Airlie Conference [23]. BMI was calculated as weight per meter

squared (kg/m?).

Biochemical parameters

The morning after a 12-hour overnight fast and 48-h alcohol abstinence, blood samples
were collected from an antecubital vein into vacutainer tubes containing EDTA. Blood
samples were used to identify individuals with metabolic disorders, which were excluded.
Plasma was separated by centrifugation (2500 x g for 10 minutes at 4°C), samples were

aliquoted and frozen for subsequent analyses. Plasma total cholesterol (TC) and triglyceride
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concentrations were measured using enzymatic assays [24,25]. Infranatant (d >1.006 g/ml)
with heparin-manganese chloride was used to precipitate very low-density lipoprotein
(VLDL) and low-density lipoprotein (LDL) and then determine high-density lipoprotein
(HDL) cholesterol concentrations (HDL-C) [26]. The equation of Friedewald was used to
estimate LDL-cholesterol (LDL-C) [27]. Non-HDL-C was calculated by subtracting HDL-
C from TC. CRP was measured by nephelometry (Prospec equipment Behring) using a
sensitive assay, as described previously [28]. Plasma apolipoprotein B-100 (apoB)
concentrations were measured by the rocket immunoelectrophoretic method of Laurell, as
previously described [29]. Glucose concentrations were determined enzymatically [30] and
plasma insulin was measured by radioimmunoassay with polyethylene glycol separation

[31].

Blood pressure measurements

Resting blood pressure measurements (three readings) were performed after a 10-min rest
in a sitting position, phases 1 and V of Korotkoff sounds being respectively used for

systolic (SBP) and diastolic (DBP) blood pressures [32].

Dietary assessment and food grouping

Dietary intake of the past month was determined by a 91-items validated food frequency
questionnaire (FFQ) [33] based on food habits of Quebecers, administered by a registered
dietitian (RD). The RD asked participants how often they consumed each type of food:
daily, weekly, monthly or none at all during the last month. To make sure each participant
estimated correctly the portion eaten, examples of portion size were provided. Data
obtained from FFQ were analysed using the Nutrition Data System for Research software
version 2011, developed by the Nutrition Coordination Center (University of Minnesota,
Minneapolis, MN). All the information was compiled and similar food items from the FFQ
were grouped, as previously described [4]. Three criteria were used to form these groups:
first, the similarity of nutrient profiles, second, the culinary usage of different types of food
(similar to groups used in a previous study [11]) and third, the consideration of groups

utilized in other studies to maintain consistency [34]. Some individual food items were
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classified separately when their composition differed considerably from other foods (for
example, pizza or eggs) or when they represented a different dietary habit (for example,
liquor, wine, beer and French fries). On this basis, thirty-seven food groups were formed as
described by Paradis et al. [4]. Food items from only thirty-five food groups were
consumed by the participants in the present study. From these thirty-five food groups, eight
were not normally distributed even after logarithmic transformation and were excluded as
well. Consequently, twenty-seven foods groups were used for factor analyses to generate

dietary patterns.

Food pattern derivation

Food patterns derivation methods have already been described in a previous study [4].
Briefly, variables with abnormal distribution where logarithmically transformed before
further analyses. The FACTOR procedure from Statistical Analysis Software (SAS) was
used to derive factors. To determine the number of factors to retain, components with
eigenvalue > 1, values at Scree test and the interpretability were considered. Food groups
with absolute factor loadings > 0.30 were regarded as significant contributors to the pattern.
The patterns (derived factors) were named according to the interpretation of the data and to
previous literature [4]. Each participant was given a score for both dietary patterns. These
scores were calculated from the sum of food groups multiplied by their respective factor
loading with the SCORE procedure of SAS. These scores reflect the degree of each
participant dietary intakes conforming to a dietary pattern. In order to form two groups for
each dietary pattern, participants were divided according to their score. A score < 0 was

considered as «low» and a score > 0 was considered as «high».

Transcriptomics analyses

For transcriptomics analyses, the first 30 individuals who completed the study were
included (13 men and 17 pre-menopausal women). In human nutrition studies 5 to 10
individuals in each group appear to be sufficient to detect differently expressed genes [35].
The following methods have been described by Rudkowska et al. [22]. Briefly, peripheral

blood mononuclear cells (PBMCs) were collected into an 8-ml Cell Preparation Tube
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(Becton Dickinson, Oakville, Ontario, Canada). Remarkable concordance (<80%) of gene
expression profiles between PBMCs and different tissues including liver, kidney, stomach,
spleen, prostate, lung, heart, colon and brain, has been reported [36]. Centrifugation at
room temperature (1500g, 20 minutes) was executed to separate PBMCs. The RNeasy Plus
Mini Kit (QIAGEN, Mississauga, Ontario, Canada) was used to extract total RNA
according to the manufacturer’s protocol. Microarray analyses were performed after
spectrophotometric quantification and verification of the total RNA quality on the Agilent
2100 Bioanalyser (Agilent Technologies, Palo Alto, CA, United States). None of the
samples had RNA integrity number (RIN) values less than 8 [37]. Consequently, all
samples were included in the microarray analysis. However, as described previously [22],
one outlier was excluded due to abnormal hybridization results. Thus, further analyses were
conducted with 29 participants. The Illumina TotalPrep RNA Amplification kit (Ambion,
Austin, TX, United States) was used to amplify and label 200ng of total RNA. The quality
of complimentary RNA (cRNA) was evaluated by capillary electrophoresis on Agilent
2100 Bioanalyzer. 37,804 genes were analysed via expression levels of 48,803 mRNA
transcripts with the Human-6 v3 Expression BeadChips® (Illumina, San Diego, CA, United
States). The McGill University and Génome Québec Innovation Center (Montreal, Quebec,
Canada) performed hybridization according to the manufacturer’s instructions, as
previously described [22]. Validation of the expression levels were assessed previously by

polymerase chain reaction (PCR) [22].

Analysis of microarray data

Microarray data was analysed with Flexarray software [38]. The lumi Bioconductor
package algorithm included in Flexarray software, was used to pre-process and normalize
[llumina microarray data. Background correction was assessed using negative controls
followed by log: to stabilize variance and quantile normalization. According to Shi et al.
[39] the use of control probes during background correction minimize false discovery rate
(FDR). Fold changes obtained with this method also relate more to fold changes observed
with PCR validation tests [39]. Participants where then stratified according to sex and
scores for Prudent and Western dietary patterns. To assess differences (separately for men

and for women) in gene expression levels between high versus low scores for Prudent and
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Western dietary patterns, the Significant Analysis of Microarray (SAM) was performed.
SAM is an adaptation of ¢-test for microarray data which assigns a score to each gene
according to changes in gene expression relative to the standard deviation of repeated
measurements [40]. SAM uses permutation of the repeated measurements to estimate FDR.
Transcripts were declared differently expressed only when P < 0.05 and fold changes were

either < 0.8 (down-regulated) or > 1.2 (up-regulated), as previously described [22].

Biological pathway analyses

Ingenuity Pathway Analysis (IPA) system (Ingenuity® System, www.ingenuity.com) was
used to verify if differentially expressed genes were related more than expected by chance
to networks, diseases and canonical pathways. IPA allows adding structure to the vast
amount of data generated by microarrays. To begin, an input file containing fold changes
and P values of all probe sets was uploaded into IPA system. From this file, dataset in Core
Analysis was produced. General settings for [PA system as «Ingenuity® Knowledge Base
(genes)» and «considered only molecules and/or relationships for humans» were used. IPA
calculates a P value based on the right-tailed Fisher’s exact test for each canonical pathway,
which is a measure of the likelihood that the association of a data set with a pathway is due
to random chance. A cutoff of 1.2 was set. Relevant pathways with P values smaller than
0.05, were taken into account. IPA suggests that canonical pathways with P values higher
than 0.05 may also be biologically relevant. Furthermore, no direction is associated with
pathways, in other words, they cannot be qualified as up- or down-regulated. Significantly
relevant canonical pathways related to cancer, cardiovascular diseases, immune system and
inflammation were considered. IPA also processes «Downstream Effects Analysis» which
is based on expected causal effects between genes and functions. These causal effects are
derived from literature and compiled in «Ingenuity® Knowledge Base». «Downstream
Effects Analysis» compares the direction of the differently expressed genes with
expectations based on the literature and predicts for each function a direction change using
the «regulation z-score algorithmy». In other words, if the observed direction change is
mostly consistent with a particular activation state (increase or decrease) then IPA makes a
directional prediction. The z-score algorithm is designed to reduce the chance that random

data will generate significant predictions. Z-scores > 2, indicate that the function is
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significantly increased and z-scores < -2, indicate that the function is significantly
decreased. IPA also calculates a P value with the Fisher’s Exact Test which represents the
likelihood that the association between a set of genes from the experimental data set and a

related function is due to random association.

Statistical analyses

Comparisons between individuals with high and low dietary pattern scores were performed
through the General Linear Model (GLM) procedure and using the type 3 sum of squares
(for unbalanced study design). Variables with abnormal distribution were logarithmically
transformed. Age, BMI and energy intakes (for all dietary intakes, except energy intakes)
were included as potential confounders. Statistical significance was defined as P < 0.05.
Statistical analyses were performed with SAS statistical package (version 9.2; SAS

Institute, Inc., Cary, NC, USA).
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Results

Two main dietary patterns were derived from factor analysis. Factor loadings for both
dietary patterns are listed in Table 3.1. A factor loading > 0.30 indicates a strong positive
association with the dietary pattern whereas a factor loading < -0.30 indicates a strong
inverse association with the dietary pattern. The Prudent dietary pattern was positively
associated with vegetables, fruits, whole grain products food groups and inversely
associated with refined grain products food group. The Western dietary pattern was
positively associated with refined grain products, desserts, sweets and processed meat food

groups.

Descriptive characteristics of the 29 study participants are presented separately for men and
women in Table 3.2 and Table 3.3 according to low (<0) or high (>0) scores for both
dietary patterns. Fasting insulin concentrations were significantly (P=0.03) lower in men
with high scores for the Prudent dietary pattern, as compared to men with low scores for the
Prudent dietary pattern. Also, men with a high score for the Western dietary pattern had a
significantly higher systolic and diastolic blood pressure (P=0.0008 and P=0.01,
respectively) than men with a low scores and a trend (P=0.05) was observed for higher
fasting glucose concentrations. Women with a high score for the Western dietary pattern
had higher fasting glucose concentrations (P=0.03) than those with a low score. When
comparing cardiovascular risk factors for women with high scores versus low scores for the
Prudent dietary pattern, only trends were observed. Women with high scores for the
Prudent dietary pattern had a higher BMI (P=0.09) but lower plasma triglyceride
concentrations (P=0.07). When comparing mean dietary intakes of men (n=12) between
women (n=17), men had significantly higher total fat (33.85%+4.16% and 29.81%+3.62%
respectively, P=0.01) and monounsaturated fat intakes (14.40%+1.94% versus
12.11%=+1.79% respectively, P=0.004) than women, independently of age and BMIL
Saturated fat, polyunsaturated fat and total fiber intakes were not significantly different
when age and BMI were included as potential confounders. For the entire cohort (210
participants), only associations for the Prudent pattern were observed. Men (n=97) with

high scores had lower fasting insulin (P=0.04) and glucose concentrations (P=0.003) as
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compared to men with low scores (data not shown). Women (n=113) with high Prudent
dietary pattern scores had lower apoB (P=0.04) and TC (P=0.04) concentrations (data not

shown).

Intakes of the most associated food groups with the dietary patterns are presented in Table
3.4 and Table 3.5. Men with high scores for the Prudent dietary pattern had higher intakes
of vegetables (P=0.03), fruits (P=0.02), whole grain products (P=0.004), fish (P=0.04), and
nuts (P=0.02) than men with low scores. Women with high scores for the Prudent dietary
pattern had higher intakes of non-hydrogenated fats (P=0.006), and lower intakes of sweets
(P=0.05) than women with low scores. For the Western dietary pattern, both men and
women with high scores had higher intakes of sweets than individuals with low scores
(P=0.03 and P=0.007, respectively). Only for the women, the intake of desserts (P<0.0001)
was significantly higher with a high Western dietary pattern score. The men with high
scores for the Western dietary pattern had lower intakes of vegetables (P=0.03).

As previously described [22], approximately 55% of transcripts were detected in the
PBMCs of study participants. As shown in Figure 3.1, when individuals with high scores
for the Prudent dietary pattern where compared to individuals with low scores, 2,083
transcripts were differentially expressed in men, 1,136 transcripts in women and 59
transcripts were overlapping. In men comparing high scores to low scores for the Prudent
dietary pattern, 1,045 transcripts were down-regulated (49%) and 1,097 were up-regulated
(51%). For the women, 355 transcripts were down-regulated (30%) and 840 were up-
regulated (70%). As shown in Figure 3.2, for the Western dietary pattern, 1,021 transcripts
were differentially expressed in men with high versus low scores, 1,163 transcripts were
differentially expressed in women and 23 transcripts were overlapping in men and women.
In men comparing high scores to low scores for the Western dietary pattern, 410 transcripts
were down-regulated (39%) and 634 were up-regulated (61%). For women comparing high
scores to low scores for the Western dietary pattern, 440 transcripts were down-regulated

(37%) and 746 were up-regulated (63%).
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According to IPA, few canonical pathways were significantly modified in men and women
when comparing high scores to low scores for both dietary patterns (Figure 3.3(A), 3.3(B),
3.4(A) and 3.4(B)).

Interestingly, IPA was able to predict an activation state for different functions when
comparing high scores to low scores for the Prudent dietary pattern. In men, a decrease in
colony formation (z-score -2.10; 40 molecules; P=0.009), decreased adhesion of prostate
cancer cell lines (z-score -2.17; 6 molecules; P=0.01), increased cell death of connective
tissue cells (z-score 2.69; 19 molecules; P=0.01) and smooth muscle cells (z-score 2.55; 6
molecules; P=0.03), an increase in the metabolism of phosphatidic acid (PA) (z-score 2.23;
14 molecules; P=0.04), of phospholipid (z-score 2.22; 17 molecules; P=0.04) and in
apoptosis of connective tissue cells (z-score 2.77; 13 molecules; P=0.04) were predicted.
For women, IPA predicted a decreased tumorigenesis (z-score -2.30; 258 molecules;
P=0.0001), mitosis of tumor cell lines (z-score -2.39; 11 molecules; P=0.003), tyrosine
phosphorylation (z-score -2.03; 13 molecules; P=0.003) and survival of tumor cell lines (z-
score -2.11; 33 molecules; P=0.03). When comparing high scores to low scores for the
Western dietary pattern in men, IPA predicted a decrease in apoptosis of tumor cell lines (z-
score -3.42; 54 molecules; P=0.005), a decrease in cell death of tumor cell lines (z-score -
2.73; 57 molecules; P=0.08), an increase in quantity of PA (z-score 2.11; 5 molecules;
P=0.02) and of carbohydrate (z-score 2.31; 6 molecules; P=0.04). For women according to
the Western dietary pattern, IPA was unable to make a prediction for the activation state of

any function.
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Discussion

The dietary patterns derived in this study resemble «Prudent» and «Western» dietary
patterns from the literature [41]. The Prudent dietary pattern is usually associated with
vegetables, fruits, whole grain products, fish and non-hydrogenated fats [4,42], whereas the
Western dietary pattern is described as high in red meats, processed meats, refined grains,
French fries and sweets/desserts [4,42]. Participants with high scores for the Prudent
dietary pattern (~48%) approached dietary recommendations for vegetables and fruits
consumption of Canada’s Food Guide [43] (approximately 7 servings per day). They also
ate more than half of their grain products as whole grains (approximately 4 servings of
whole grain products and 2 servings of refined grain products per day). The intakes of meat
and alternatives as well as milk and alternatives were around 3 servings per day (data not
shown). Thus, high scores for the Prudent dietary pattern were clearly related with

Canada’s healthy eating guidelines [43].

It has been observed that high insulin concentrations often relate to insulin resistance [44].
This may indicate a higher risk of insulin resistance among individuals with low Prudent
dietary pattern scores which had higher than normal fasting insulin concentrations [44].
Even though individuals with high Western dietary pattern scores had higher fasting
glucose than individuals with low scores, these values remained within the normal range
(<5.6 mmol/L [45]). Interestingly, individuals with high scores for the Western dietary
pattern also had higher systolic and diastolic blood pressure. For individuals with high
scores for the Prudent dietary pattern, blood pressure also seemed lower than for
individuals with low scores. These associations with dietary patterns and blood pressure
have also been observed in other populations [1,2]. For the entire cohort (n=210), high
scores for the Prudent dietary pattern were associated with a more favorable blood lipid

profile (data not shown).

Major differences in gene expression profiles were observed between men and women.
These differences had been observed previously by our research group [22]. According to

the scores for the Prudent dietary pattern, only the B Cell Receptor Signaling pathway was
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significantly different both for men and women. Sex-specific differences in adipose tissue
gene expression have been studied but gene expression differences according to sex in
PBMCs are not as well documented [46]. Mechanisms involving sex hormones such as
estrogen on transcription factors might partly explain these differences [47]. Moreover,
Kawasaki et al. [48] reported fluctuations of the expression of certain genes related to
immune and/or inflammatory response according to the menstrual cycle among women. In
this study, women were pre-menopausal and the phase of the menstrual cycle was not taken

into account, which might explain part of the differences observed.

For participants with high comparatively to low scores for the Prudent dietary pattern, IPA
revealed 9 canonical pathways related to immune and/or inflammatory response and 6 to
cancer whereas for the Western dietary pattern, 5 pathways related to cancer, 6 to immune
and/or inflammatory response and 3 to cardiovascular signaling. Interestingly, predictions
made by IPA were pointing towards directional changes in functions which may lead to a
decreased risk of cancer among individuals with high scores for the Prudent dietary pattern
which is considered a «healthier» pattern (observed among men and women) and changes
in functions towards a potential increase of the risk of cancer for individuals with high
scores for the Western diet (only observed among men). The PA metabolism also appeared
to be modulated with both dietary patterns. PA is mainly formed by the hydrolysis of
phosphatidylcholine by phospholipase D [49]. PA is important in heart function and has
also been associated with cardiac hypertrophy [50]. For women with high scores for the
Prudent dietary pattern, IPA predicted a decrease in tyrosine phosphorylation. Tyrosine
phosphorylation may have a protective effect on cancer by reversing the effect of some
protein kinase but it may also have a detrimental effect [51]. For example, an increase of
phosphorylation in vascular endothelial cadherin tyrosine has been observed after the

attachment of invasive breast cancer cells to endothelial cells [52].

Van Dijk et al. [20] have observed a more pro-inflammatory gene expression profile
following a diet high in saturated fat compared to a diet high in monounsaturated fat.
Saturated fats can modulate the expression of Toll-like receptors (TLRs) therefore

increasing the expression of pro-inflammatory genes [53]. In women, according to the
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Western pattern, the TLRs signaling pathway was different in participants with high versus
low scores. Genes within the pathway appeared to be mostly up-regulated which could
indicate an increase in the inflammatory response. Conversely, Bowens et al. [54], using
shakes containing various amounts of saturated, polyunsaturated and monounsatured fats,
observed an increased in the expression of genes involved in TLRs signaling following the
high PUFA shake. However, these results were observed in the postprandial state which
could explain discrepancies between studies. In addition, the B Cell Receptor Signaling
pathway was different according to scores for the Prudent dietary pattern and this was also
observed by Bowens et al. with the high PUFA shake [54]. In the present study, the intake
of PUFA was higher among individuals with high scores for the Prudent dietary pattern.
This pathway is important in humoral immune response and has also been related with
chronic lymphocytic leukemia [55]. We hypothesise that the impact of the Prudent dietary
pattern on B Cell Receptor Signaling pathway was beneficial due to the predictive results
given by IPA and literature on the protective effect of a «healthy» dietary pattern on cancer
[56]. When examining pathways common to both dietary patterns, only one was common
to the Prudent and Western dietary patterns (among women), the Role of Nuclear Factor of
Activated T cells (NFAT) in regulation of the immune response with only one gene
overlapping both dietary patterns. The NFAT family of transcription factors induce gene
transcription during the immune response. These transcription factors have been linked
with cardiac hypertrophy which increases the risk of cardiovascular diseases and have a

dual role in cancer acting as a tumor suppressors as well as oncogenes [77].

Results observed in this exploratory study support the scientific evidence regarding the
beneficial effects of the consumption of a healthy diet and the deleterious impacts of a
Western dietary pattern. These results also seem to indicate that gene expression profiles
and expression of genes in pathways related to chronic disease are influenced by the
presence of a few or more dietary characteristics according to a dietary pattern (high versus
low scores). However, due to the small number of participants, these results should be
interpreted with caution. In addition, many other factors associated with a healthy or
unhealthy lifestyle may impact gene expression. For example, physical activity has an

effect on gene expression profiles and was not taken into account in the analyses [59].
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Conclusion

Data retrieved from this nutrigenomic study provide valuable information on biologically
relevant pathways that might relate to chronic disease prevention or initiation.
Transcriptomics analysis gives us further insights to understand the global effect of dietary
patterns on health. In this study, both the Prudent and Western dietary patterns were related
to biological pathways associated with cancer, immune and/or inflammatory response and
cardiovascular signaling. It appears from these results that the Prudent dietary pattern has a
protective effect on cancer initiation or development and the opposite is observed for the
Western dietary pattern. However, these data reflect gene expression profile and statistical

predictions and need to be confirmed by further research.
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Table 3.1 Factor loadings for Prudent and Western dietary patterns. (n=210)

Food groups Factor 1* Factor 2*
(servings/day) Prudent Western
Vegetables 0.71 0.03
Fruits 0.60 -0.01
Whole grain products 0.53 0.21
Non-hydrogenated fat 0.46 0.02
Refined grain products -0.45 0.39
Desserts -0.01 0.80
Sweets 0.09 0.77
Beer 0.01 -0.03
Coffee 0.06 0.15
Poultry -0.004 -0.06
Red meat -0.11 0.11
Potatoes other than French fries 0.09 0.16
Processed meat -0.10 0.33
Legumes 0.15 0.13
Tea 0.08 -0.02
High-fat dairy products 0.13 0.13
Low-fat dairy products 0.27 0.07
Eggs 0.27 -0.05
Cream soup -0.11 0.12
Pizza -0.23 -0.03
Fish and other sea food 0.28 -0.03
Fruit juices -0.14 0.02
Nuts 0.26 0.06
Vegetable juices 0.12 0.05
Condiments 0.18 0.06
Snacks -0.11 0.18
Saturated fat (butter and lard) 0.04 0.06
Variance explained (%) 12.96 10.62

*Principal component analysis using the FACTOR procedure.

Factor loading > 0.30 or < -0.30 are marked in bold.
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Table 3.2 Descriptive characteristics of the study participants for men according to dietary pattern scores.

Prudent dietary pattern (n=12) Western dietary pattern (n=12) p
Low score (n=5) High score (n=7) Low score (n=3) High score (n=9)

Age (y) 34.40 + 10.99 32.71 £5.88 0.74 31.00 +2.65 34.22+£9.09 0.57
BMI (kg/m?) 28.86 +3.62 29.63 +£5.56 0.88! 32.04 +8.04 28.40+3.18 0.35!
Waist circumference (cm) 96.83 £9.24 95.53 +12.86 0.45%  102.87+15.26 93.81 +9.27 0.68>
Systolic blood pressure (mmHg) 113.80 £ 5.89 107.86 + 7.24 0.18? 101.67 +£2.08 113.22 £ 5.56 0.0008>
Diastolic blood pressure (mmHg) 76.40 +£2.70 68.86 + 8.32 0.12? 63.33 £ 1.53 74.89 +6.17 0.012
Fasting glucose (mmol/L) 5.20+0.31 4.83 £0.63 0.32? 4.40 £ 0.46 5.18 +£0.41 0.05?
Fasting insulin (pmol/L) 123.00 + 3.49 73.29 £23.56 0.032 73.67 £16.65 100.78 + 55.29 0.14%
CRP (mg/L) 433 +£5.81 2.02+2.24 0.47? 2.88+£2.92 3.02+4.52 0.92?
Total-C (mmol/L) 5.77 £0.85 5.08 £1.04 0.332 5.60 £0.98 5.29+1.04 0.57%
LDL-C (mmol/L) 3.69 + 0.55 (n=4) 3.18 +0.97 0.47 3.74 + 0.60 3.22+0.92 (n=8)  0.332
HDL-C (mmol/L) 1.09 £ 0.22 1.33+0.39 0.232 1.10+0.35 1.27+0.35 0.622
Triglycerides (mmol/L) 2.48 +1.88 1.24+0.54 0.20? 1.65+0.29 1.79 £ 1.59 0.92°
ApoB (g/L) 1.14+0.23 0.94 £0.27 0.267 1.14+0.11 0.98 +0.29 0.382
Dietary intakes

Total fat (%) 3422 +£2.23 33.58£5.32 0.782 32.52+7.43 3429 +£3.02 0.40°
Saturated fat (%) 12.24 +1.47 9.77 £2.43 0.09° 8.57 +3.34 11.54 +£1.57 0.03?
Monounsaturated fat (%) 14.34 £ 0.85 14.44 £2.53 0.97? 14.44 £ 3.06 14.38 £1.68 0.932
Polyunsaturated fat (%) 4.98 £0.57 6.61 +1.50 0.08? 6.57+0.91 5.72+1.56 0.49?
Total fiber (g) 19.40 £ 8.31 31.50+£7.53 0.032 26.04 £2.29 26.60+11.36 0.82°

All values are means + SDs. Tests for trends or differences were made by using generalized linear models.
' Adjusted for age.
2Adjusted for age and BML
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Table 3.3 Descriptive characteristics of the study participants for women according to dietary pattern scores.

Prudent dietary pattern (n=17) Western dietary pattern (n=17)
Low score High score Low score High score
(n=10) (n=7) P (n=11) (n=6) P

Age (y) 3480+ 11.16 33.86 £ 9.51 0.86 35.45+9.78 3250+ 11.64 0.59
BMI (kg/m?) 28.09 +2.71 30.94 +3.58 0.09! 29.01 +2.73 29.73 +£4.48 0.68'
Waist circumference (cm) 82.82+8.07 91.14+7.87 0.31° 86.05 + 8.85 86.60 + 9.58 0.88°
Systolic blood pressure (mmHg) 106.40 + 8.42 103.57 + 8.92 0.14? 103.45+£9.29 108.50 £ 6.12 0.112
Diastolic blood pressure (mmHg) 67.70 £ 8.84 72.00 + 8.79 0.91° 68.73£9.23 70.83 £ 8.66 0.57
Fasting glucose (mmol/L) 520+ 1.08 4.66 £0.58 0.30? 4.74+0.42 542+1.42 0.03?
Fasting insulin (pmol/L) 83.10 +£23.32 77.71 £31.39 0.15? 78.82 +27.99 84.67 +24.31 0.78?
CRP (mg/L) 7.03 +12.01 6.14 £9.90 0.517 6.65+11.32 6.69 £ 11.01 0.417
Total-C (mmol/L) 537+1.55 495+1.23 0.85? 5.04+£1.35 548 £1.58 0.35°
LDL-C (mmol/L) 3.06+1.12 2.76 £1.20 0.92? 290+1.17 3.01 +£1.15 0.59?
HDL-C (mmol/L) 1.64 +0.66 1.68 +£0.39 0.49? 1.52 £0.47 1.91 £0.64 0.142
Triglycerides (mmol/L) 1.48 £0.77 1.09 £0.52 0.07 1.36+0.72 1.25+£0.69 0.642
ApoB (g/L) 0.98 +£0.28 0.81+£0.29 0.37? 0.90+0.28 0.94+0.33 0.632
Dietary intakes

Total fat (%) 29.17 £ 4.02 30.73 £ 3.00 0.617 28.55+3.59 32.13+2.50 0.08?
Saturated fat (%) 10.45 £+ 1.54 9.45+2.32 0.22? 9.32+1.96 11.35+0.81 0.05?
Monounsaturated fat (%) 11.45+1.84 13.04 +1.33 0.13? 11.67 +1.91 12.90 + 1.36 0.28?
Polyunsaturated fat (%) 4.81+0.81 5.71 £0.69 0.05? 5.14+0.98 5.26 £0.70 0.90?
Total fiber (g) 19.78 + 3.88 28.14 +6.77 0.03? 24.14+7.11 21.54+5.77 0.36°

All values are means + SDs. Tests for trends or differences were made by using generalized linear models.
'Adjusted for age.
2Adjusted for age and BML.
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Table 3.4 Food group intakes (number of servings) for men according to dietary pattern scores.

Prudent dietary pattern (n=12)
Low score (n=5) High score (n=7)

Western dietary pattern (n=12)
Low score (n=3) High score (n=9)

Vegetables™ 1.90 £ 0.65 3.93+1.80 0.03! 447 +2.57 2.62+1.23 0.03!
Fruits* 1.34+1.18 3.20+0.95 0.02! 2.98 +£0.50 2.24+1.55 0.28!
Whole grain products* 1.82+1.43 437+1.35 0.004! 3.33+0.96 330+2.12 0.35!
Non-hydrogenated fats* 4.02+4.19 4.58 £3.02 0.75! 3.96 £2.58 4.47 +3.74 0.28!
Refined grain products* 3.26+2.33 2.27+£1.30 0.23! 1.40 +1.25 3.10+1.77 0.38!
Fish and other sea food* 0.61 £0.66 1.71 £ 0.88 0.04! 1.22 +0.87 1.26 £ 1.03 0.60!
Nuts* 0.33+0.13 1.88 +1.88 0.02! 1.24 £0.68 1.23+1.85 0.38!
Desserts* 1.03+0.43 0.86 £0.85 0.75! 0.36 £0.52 1.12+0.65 0.21!
Sweets* 4.86 +£2.07 435+2.60 0.60! 1.86 £1.17 5.47+1.82 0.03!
Processed meats* 0.96+0.91 0.72+0.76 0.59! 0.12+0.20 1.06 £0.78 0.16'

All values are means + SDs. Tests for trends or differences were made by using generalized linear models.

! Adjusted for age, BMI and energy intakes.

*Vegetables, 1 serving = 125 ml of all vegetables; Fruits, 1 serving = 1 unit of fresh fruit, 125 ml of fruit compote (stewed), frozen and
canned or 60 ml of dried fruit; Whole grain products, 1 serving = 1 unit of whole-wheat, whole-grain or other multigrain breads, 'z unit of
whole-wheat, whole-grain and other multigrain bagels, tortillas and pitas, 125 ml of whole-wheat or whole-grain pasta, 125 ml of brown
rice, 125 ml of oatmeal and wheat cream, 30 g of whole-grain cereal, 1 unit of whole wheat pancakes, 30 g of whole-wheat crackers; Non-
hydrogenated fats, 1 serving = 5 ml of non-hydrogenated margarine, 5 ml of vegetable oil or 5 ml of salad dressing (all kinds); Refined grain
products, 1 serving = 1 unit of white breads, /2 unit of white bagels, pitas and tortillas, 125 ml of white rice, white pasta and couscous, 1 unit
of muffins (home-made), pancakes, waffles and granola bars, 30 g of refined cereal, 1 unit of rice cake or 30 g of salted crackers; Fish and
other sea food, 1 serving = 30 g of fish and sea food (excluding breaded fish) or 1 unit of sushi; Nuts, 1 serving = 30 ml of all nuts and seeds
or 30 ml of seed and nuts butter; Desserts, 1 serving = 2 units of cookies, 1/6 pies, 125 ml of pudding, 1/6 or 1 unit of cakes, doughnuts and
pastries, 1 unit of croissants, muffins (commercial), date squares, banana breads and coated granola bars; Sweets, 1 serving = 5 ml of sugar,
brown sugar, honey, maple taffy, jam, maple/corn syrup and nutella, 1 unit of candy, 5 g of chocolate bar or pieces; Processed meats, 1
serving = 5 slices of bacon, 1 unit of sausage, hotdogs and hotdogs on a stick, 30 g delicatessen, cretons, head cheese, liver paté and terrine.
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Table 3.5 Food group intakes (number of servings) for women according to dietary pattern scores.

Prudent dietary pattern Western dietary pattern

(n=12) P (n=12) P
Low score (n=10) High score (n=7) Low score (n=3) High score (n=9)
Vegetables* 230+ 1.55 438+ 1.73 0.16' 3.09£2.05 3.28+1.73 0.77!
Fruits* 1.97+1.14 3.34+£0.61 0.07! 2.56+1.21 248 +1.18 0.62!
Whole grain products* 2.04+1.33 4.02+2.84 0.18! 3.25+£247 2.13+1.70 0.13!
Non-hydrogenated fats* 1.52+0.97 4.65 +3.09 0.006' 2.58 £2.66 3.24+£2.59 0.96!
Refined grain products* 3.14+1.50 1.83 £0.61 0.06! 2.46 £1.31 2.86+1.53 0.57!
Fish and other sea food* 1.01+0.72 1.24 +0.88 0.35! 0.85 +0.52 1.58+£0.96 0.11!
Nuts* 0.39+£0.39 0.59 £0.63 0.89! 0.56 £0.57 0.30+0.30 0.29!
Desserts* 0.85+0.75 0.62 +0.38 0.38! 0.38+0.28 1.44 +£0.42 <0.0001!
Sweets* 3.45+£1.69 2.93+5.05 0.05! 1.90 + 1.60 5.69£4.43 0.007!
Processed meats* 0.38+0.37 030+0.17 0.13! 0.31+0.28 0.43 +£0.36 0.67!

All values are means + SDs. Tests for trends or differences were made by using generalized linear models.

! Adjusted for age, BMI and energy intakes.

*Vegetables, 1 serving = 125 ml of all vegetables; Fruits, 1 serving = 1 unit of fresh fruit, 125 ml of fruit compote (stewed), frozen and
canned or 60 ml of dried fruit; Whole grain products, 1 serving = 1 unit of whole-wheat, whole-grain or other multigrain breads, %4 unit of
whole-wheat, whole-grain and other multigrain bagels, tortillas and pitas, 125 ml of whole-wheat or whole-grain pasta, 125 ml of brown
rice, 125 ml of oatmeal and wheat cream, 30 g of whole-grain cereal, 1 unit of whole wheat pancakes, 30 g of whole-wheat crackers; Non-
hydrogenated fats, 1 serving = 5 ml of non-hydrogenated margarine, 5 ml of vegetable oil or 5 ml of salad dressing (all kinds); Refined grain
products, 1 serving = 1 unit of white breads, /2 unit of white bagels, pitas and tortillas, 125 ml of white rice, white pasta and couscous, 1 unit
of muffins (home-made), pancakes, waffles and granola bars, 30 g of refined cereal, 1 unit of rice cake or 30 g of salted crackers; Fish and
other sea food, 1 serving = 30 g of fish and sea food (excluding breaded fish) or 1 unit of sushi; Nuts, 1 serving = 30 ml of all nuts and seeds
or 30 ml of seed and nuts butter; Desserts, 1 serving = 2 units of cookies, 1/6 pies, 125 ml of pudding, 1/6 or 1 unit of cakes, doughnuts and
pastries, 1 unit of croissants, muffins (commercial), date squares, banana breads and coated granola bars; Sweets, 1 serving = 5 ml of sugar,
brown sugar, honey, maple taffy, jam, maple/corn syrup and nutella, 1 unit of candy, 5 g of chocolate bar or pieces; Processed meats, 1
serving = 5 slices of bacon, 1 unit of sausage, hotdogs and hotdogs on a stick, 30 g delicatessen, cretons, head cheese, liver paté and terrine.
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Figure 3.1 Flowchart illustrating the significantly different transcripts according to scores for the Prudent dietary pattern.
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Figure 3.2 Flowchart illustrating the significantly different transcripts according to scores for the Western dietary pattern.
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Figure 3.3 The modified canonical pathways according to scores for the Prudent dietary pattern.
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Legend: Gene expression differences (> = 1.2 fold change) in canonical pathways comparing high and low scores for the Prudent dietary
pattern (A) For the men (B) For the women. P-values for Functional Analysis of dataset by IPA (Fisher’s Exact Test) are presented. % of
genes significantly up-regulated and down-regulated in each canonical pathway are presented (number of genes differently
expressed/number of genes in the pathways*100). (A) PDGF Signaling: P=0.004, 14 genes significantly different; ERK/MAPK Signaling:
P=0.004, 29 genes significantly different; FcyRIIB Signaling in B Lymphocytes: P=0.003, 10 genes significantly different; B Cell Receptor
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Signaling: P=0.002, 24 genes significantly different; CTLA4 Signaling in Cytotoxic T Lymphocytes: P=0.003, 17 genes significantly
different; PI3K Signaling in B Lymphocytes: P=0.0009, 23 genes significantly different; Leucocyte Extravasation Signaling: P=0.0002, 32
genes significantly different. (B) Signaling by Rho Family GTPase: P=0.02, 20 genes significantly different; B Cell Receptor Signaling:
P=0.02, 14 genes significantly different; Role of NFAT in Regulation of the Immune Response: P=0.01, 16 genes significantly different;
RhoGDI Signaling: P=0.009, 17 genes significantly different; Cyclins and Cell Cycle Regulation: P=0.007, 10 genes significantly different;
Breast Cancer Regulation by Stathminl: P=0.0005, 22 genes significantly different; B Cell Development: P=0.0004, 7 genes significantly

different.
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Figure 3.4 The modified canonical pathways according to scores for the Western dietary pattern.
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Legend: Gene expression differences (> = 1.2 fold change) in canonical pathways comparing high and low scores for the Western dietary
pattern (A) For the men (B) For the women. P-values for Functional Analysis of dataset by IPA (Fisher’s Exact Test) are presented. % of
genes significantly up-regulated and down-regulated in each canonical pathway are presented (number of genes differently
expressed/number of genes in the pathways*100). (A) Endothelin-1 Signaling: P=0.01, 12 genes significantly different; PTEN Signaling:
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P=0.01, 10 genes significantly different; iCOS-iCOSL Signaling in T Helper Cells: P=0.008, 9 genes significantly different; Hypoxia
Signaling in the Cardiovascular System: P=0.006, 7 genes significantly different; Xenobiotic Metabolism Signaling: P=0.005, 18 genes
significantly different; NGF Signaling: P=0.004, 10 genes significantly different; Neurotrophin/TRK Signaling: P=0.00001, 11 genes
significantly different. (B) IL-8 Signaling: P=0.04, 15 genes significantly different; FXR/RXR Activation: P=0.05, 9 genes significantly
different; Atherosclerosis Signaling: P=0.02, 12 genes significantly different; Role of Cytokines in Mediating Communication between
Immune Cells: P=0.02, 7 genes significantly different; Toll-like Receptor Signaling: P=0.01, 7 genes significantly different; Role of NFAT
in Regulation of the Immune Response: P=0.01, 16 genes significantly different; Bladder Cancer Signaling: P=0.002, 12 genes significantly
different; Nf-kB Signaling: P=0.002, 18 genes significantly different.

93



94



Chapitre 4
La signature métabolique associée avec le profil alimentaire Western :

une étude transversale

Annie Bouchard-Mercier, Iwona Rudkowska, Simone Lemieux, Patrick Couture et Marie-

Claude Vohl

Nutrition Journal, 2013, 12 : 158-166

95



The metabolic signature associated with the Western dietary pattern: a cross-sectional
study
Annie Bouchard-Mercier, Iwona Rudkowska, Simone Lemieux, Patrick Couture and

Marie-Claude Vohl

Institute of Nutrition and Functional Foods (INAF), Laval University, 2440 Hochelaga
Blvd., Quebec, G1V 0A6, Canada, (ABM, IR, SL, PC and MCV)

Department of Food Science and Nutrition, Laval University, 2425 de 1’Agriculture St.,
Quebec, G1K 7P4, Canada, (ABM, SL and MCV)

Endocrinology and Nephrology, CHU de Québec Research Center, Quebec, Canada, 2705

Laurier Blvd., Québec, G1V 4G2, Canada, (ABM, IR, PC and MCV)

*Corresponding author:

Marie-Claude Vohl Ph.D.

Institute of Nutrition and Functional Foods (INAF)
2440 Hochelaga Blvd.

Quebec, Canada

GIK 7P4

Tel.: (418) 656-2131 ext. 4676, Fax: (418) 656-5877

E-Mail: marie-claude.vohl@fsaa.ulaval.ca

Trial registration: NCT01343342. http://clinicaltrials.gov/show/NCT01343342

96


http://clinicaltrials.gov/show/NCT01343342

Résumé

Introduction : 1l a ét¢ observé que les profils de métabolites étaient associés au statut
d’obésité et a la sensibilit¢ a I’insuline. Les apports alimentaires influencent les voies
métaboliques et conséquemment, différents profils alimentaires pourraient étre reliés a des
modifications dans les signatures métaboliques. L’objectif était de vérifier les associations
entre les profils alimentaires et les profils de métabolites constitués d’acides aminés (AAs)
et d’acylcarnitine (ACs). Méthodes : 210 participants ont été recrutés dans la région
métropolitaine de Québec entre septembre 2009 et décembre 2011. Les profils alimentaires
ont ¢ét¢ décrits précédemment et ont été dérivés en utilisant une analyse en composante
principale (ACP). Le profil alimentaire Prudent était caractérisé par des apports plus élevés
en légumes, fruits, produits céréaliers a grains entiers, gras non-hydrogénés et plus bas en
produits céréaliers raffinés, tandis que le profil alimentaire Western était associ¢ a des
apports plus ¢élevés en produits céréaliers raffinés, desserts, sucreries et viandes
transformées. Les métabolites ciblés (14 AAs et 41 ACs) ont été quantifiés chez 37
participants par spectrométrie de masse avec Biocrates Absolute IDQ p150 (Biocrates Life
Sciences AG, Austria). Résultats : L’analyse ACP avec les métabolites (AAs et ACs) a
révélé deux composantes principales expliquant le plus de variance dans les données
(13,8%). PCI1 était compose surtout d’ACs a moyennes et a longues chaines (C16:2, C14:2,
C14:2-OH, C16, C14:1-OH, C14:1, C10:2, C5-DC/C6-OH, C12, C18:2, C10, C4:1-DC/C6,
C8:1 et C2) tandis que PC2 incluait certains AAs et ACs a courtes chaines (xLeu, Met, Arg,
Phe, Pro, Orn, His, CO, C3, C4 et C5). Le profil alimentaire Western était négativement
associ¢ au PCl1 et positivement au PC2 (r = —0,34, p = 0,05 et r = 0,38, p = 0,03,
respectivement), indépendamment de I’age, du sexe et de I’'IMC. Conclusion : Ces résultats
suggerent que le profil alimentaire Western est associé avec une signature métabolique
caractérisée par des concentrations plus élevées d’AAs incluant des acides aminés ramifiés

et des ACs a courtes chaines.
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Abstract

Background: Metabolic profiles have been shown to be associated to obesity status and
insulin sensitivity. Dietary intakes influence metabolic pathways and therefore, different
dietary patterns may relate to modifications in metabolic signatures. The objective was to
verify associations between dietary patterns and metabolic profiles composed of amino
acids (AAs) and acylcarnitines (ACs). Methods: 210 participants were recruited in the
greater Quebec City area between September 2009 and December 2011. Dietary patterns
had been previously derived using principal component analysis (PCA). The Prudent
dietary pattern was characterised by higher intakes of vegetables, fruits, whole grain
products, non-hydrogenated fat and lower intakes of refined grain products, whereas the
Western dietary pattern was associated with higher intakes of refined grain products,
desserts, sweets and processed meats.Targeted metabolites were quantified in 37
participants with the Biocrates Absolute IDQ p150 (Biocrates Life Sciences AG, Austria)
mass spectrometry method (including 14 amino acids and 41 acylcarnitines). Results: PCA
analysis with metabolites including AAs and ACs revealed two main components
explaining the most variance in overall data (13.8%). PC1 was composed mostly of
medium- to long-chain ACs (C16:2, C14:2, C14:2-OH, C16, C14:1-OH, C14:1, C10:2, C5-
DC/C6-OH, C12, C18:2, C10, C4:1-DC/C6, C8:1 and C2) whereas PC2 included certain
AAs and short-chain ACs (xLeu, Met, Arg, Phe, Pro, Orn, His, CO, C3, C4 and C5). The
Western dietary pattern correlated negatively with PC1 and positively with PC2 (r = —0.34,
p = 0.05 and r = 0.38, p = 0.03, respectively), independently of age, sex and BMIL
Conclusion: These findings suggest that the Western dietary pattern is associated with a
specific metabolite signature characterized by increased levels of AAs including branched-

chain AAs (BCAAs) and short-chain ACs.
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Introduction

Single nutrients or single food components have been frequently studied in order to achieve
a better understanding of their impact on health and on the development of chronic
diseases. Many studies have also observed the effects of global diets or dietary patterns
such as the Mediterranean diet on chronic diseases. Studying the effects of dietary patterns
takes into account the interactions between nutrients [1]. Dietary patterns derived by
principal component analysis (PCA) depict a portrait of the foods that are mainly consumed
together within a population [1]. Dietary patterns, such as the Prudent (or Healthy pattern)
and the Western dietary patterns have been associated positively or inversely with
cardiovascular disease risk factors and mortality, as well as with certain types of cancer
such as colorectal cancer [2-4]. Dietary patterns have also been associated with type 2
diabetes or related metabolic parameters. Schulze ef al. [5] observed an association between
the risk of type 2 diabetes and a dietary pattern high in foods such as sugar-sweetened soft
drinks, refined grains as well as processed meats and low vegetable intake. In addition,
Heidemann et al. [6] reported a decreased risk of type 2 diabetes with a dietary pattern
characterised by high intakes of fruits and low intakes of foods such as high-caloric soft
drinks and meats. These results have been confirmed by Esposito et al. [7] in a recent
systematic review which observed that dietary patterns characterized by high intakes of
fruit and vegetables, whole grains, fish, and poultry, and low intakes of red meat, processed
foods, sugar-sweetened beverages, and starchy foods were associated with a reduced risk

and a later development of type 2 diabetes.

Obesity pandemic represents a major health burden. In Canada, 26% of the adults were
considered obese according to their body mass index (BMI) and when considering waist
circumference, 37% were abdominally obese [8]. Obesity is closely related to insulin
resistance [9]. However, the link between these two conditions is not well understood.
Studying metabolites may help in further understanding the effects of diets, drugs and
diseases at the cellular level and enhance our comprehension of the development of
complex diseases such as type 2 diabetes (or insulin resistance) [10]. A few studies have

investigated metabolic signatures in relation to insulin sensitivity or obesity [11-14]. For
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example, Newgard ef al. [12] have observed a metabolic signature including branched-
chain amino acids (BCAA) and short-chain acylcarnitines (ACs) among obese and insulin
resistant individuals. These observations have also been replicated in Chinese and Asian-
Indian individuals where a metabolic signature characterised by higher concentrations of
amino acids (AAs) such as leucine/isoleucine, phenylalanine, tyrosine and methionine was
also associated with insulin resistance [13]. Other studies observed the effects of dietary
variables on metabolic signatures including ACs. For example, the effects of a
lactovegetarien diet versus an omnivorous diet, the intake of fruits and vegetables, coffee
and garlic intakes and hypocaloric dieting were studied [15-17]. Dietary patterns derived

from cluster analysis have also been associated with specific metabolites [18].

To our knowledge, the metabolic signatures associated with the Western and the Prudent
dietary patterns have never been studied. Therefore, the objective of this study was to
investigate the metabolic signatures, composed of AAs and ACs derived from PCA,
associated with the Western and the Prudent dietary patterns in a sample of overweight men
and women. Associations between the Western dietary pattern and principal components

(PCs) were observed.
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Methods

Subjects

A total of 254 subjects were recruited to participate in this clinical trial from the greater
Quebec City metropolitan area between September 2009 and December 2011 through
advertisements in local newspapers as well as by electronic messages sent to university
students/employees. To be eligible, subjects had to be non-smokers and free of any thyroid
or metabolic disorders requiring treatment such as diabetes, hypertension, severe
dyslipidemia, and coronary heart disease. Participants had to be aged between 18 and 50
years with a BMI between 25 and 40 Kg/m?. The subjects who had taken n-3
polyunsaturated fatty acid supplements during the six months preceding the study were
excluded. A total of 210 subjects completed the study protocol which is described
elsewhere [19] and were included in this cross-sectional study. All participants gave written
informed consent and the experimental protocol was approved by the ethics committees of
Laval University Hospital Research Center and Laval University. This trial was registered

at clinicaltrials.gov as NCT01343342.

Dietary assessment and food grouping

Dietary assessment and food grouping has been previously described [20]. Briefly, dietary
intake of the past month was determined by a 9l-items validated food frequency
questionnaire (FFQ) [21] based on food habits of Quebecers, administered by a registered
dietitian (RD). All the information was compiled and similar food items from the FFQ were
grouped, as previously described [22]. Three criteria were used to form these groups: first,
the similarity of nutrient profiles, second, the culinary usage of different types of food
(similar to groups used in a previous study [23]) and third, the consideration of groups
utilized in other studies to maintain consistency [1]. Food items from only thirty-five food
groups were consumed by the participants in the present study. From these thirty-five food
groups, eight were not normally distributed even after logarithmic transformation and were
excluded as well. Consequently, twenty-seven foods groups were used for PCA to generate
dietary patterns as described previously [20]. Briefly, two main dietary patterns were

derived from PCA analysis. The Prudent dietary pattern, characterized by higher intakes of
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vegetables, fruits, whole grain products, non-hydrogenated fat and lower intakes of refined
grain products, and the Western dietary pattern, associated with higher intakes of refined

grain products, desserts, sweets and processed meats [20].

Metabolite profiling

The Biocrates Absolute IDQ pl50 (Biocrates Life Sciences AG, Austria) mass
spectrometry method was used to quantify 163 metabolites for the first 40 of the 254
participants. Three participants were excluded because of extreme values (standard out of
range), resulting in 37 participants. For this study ACs and AAs were the main focus thus,
41 ACs (ACx:y, where x denotes the number of carbons in the side chain and y the number
of double bonds) and 14 AAs (proteinogenic + ornithine) were studied. Assays used 10 puL
of plasma from each subject. The metabolite profiling was carried out according to the
manufacturer's instructions at CHENOMX (Edmonton, AL, Canada). For all analyzed
metabolites the concentrations are reported in uM. Furthermore, metabolites with standard
out of range and/or for which more than half of the values were below the limit of detection

were excluded. Thus, 29 ACs and 13 AAs were included in the analyses.

Statistical analyses

Variables which were not normally distributed were logarithmically transformed. The
distribution of glutaconyl-L-carnitine (C5_1 DC) was still not normally distributed after
logarithmic transformation and thus was excluded from further analyses. The FACTOR
procedure from Statistical Analysis Software (SAS) using PCA method was used to derive
PCs describing metabolite signatures. Newgard et al. [11] described two main PCs when
studying ACs and AAs which explained most of the variance in their data. In the present
study, in order to determine the number of factors to retain, components with eigenvalue >
1, values at Scree test, variance explained (%) and the interpretability were considered. It
was noticed that PC1 and PC2 had eigenvalues much higher (~8 and ~6, respectively) than
the other PCs (<~3). Thus, the NFACTORS statement was added in the proc FACTOR
procedure in order to retain only 2 main PCs and explain a maximum of variance.

Metabolites with absolute factor loadings > 0.50 were regarded as significant contributors
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to the PC. Using the SCORE procedure of SAS, each participant was given a score for each
PC. These scores are calculated from the sum of metabolic signature groups multiplied by
their respective factor loading. These scores reflect the degree of each participant’s

metabolic signature conforming to PC1 and PC2.

Pearson correlations were used to detect associations between the Prudent and the Western
dietary pattern scores with PC1 and PC2 scores. To further understand the relationships
with PC1 and PC2 scores and dietary variables, partial correlations were performed with
individual food groups (only the food groups which contributed to Prudent and Western
dietary patterns) and macronutrients (expressed as energy percentages) adjusted for age,
sex, BMI and energy intakes (only for the food groups). To facilitate interpretation, Prudent
and Western dietary pattern scores as well as with food groups and macronutrients intakes
were divided according to tertiles and associations with PC1 and PC2 were tested using the
General Linear Model procedure implemented in SAS. A p-value <0.05 was considered
significant. All statistical analyses were performed using SAS statistical software version

9.3 (SAS Institute, Inc., Cary, NC, USA).
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Results

Descriptive characteristics and dietary patterns

Descriptive characteristics of the study participants are presented in Table 4.1. As described
previously, there were two dietary patterns derived in this cohort, the Prudent and the
Western dietary patterns [20]. The Prudent dietary pattern was characterised by high
intakes of vegetables, fruits, whole grain products, non-hydrogenated fats and inversely
associated with refined grain products food group and the Western dietary pattern by high
intakes of refined grain products, desserts, sweets and processed meats [20]. In Table 4.2,
dietary intakes, AC and AA concentrations according to dietary pattern score (low < 0 or
high > 0) are shown respectively for the Prudent and the Western dietary patterns.
Individuals with high scores for the Prudent dietary pattern had lower saturated fat intakes
than individuals with low scores. The opposite was observed for the Western dietary
pattern scores. Regarding the associations between dietary patterns and cardiovascular
disease risk factors, only a trend was observed for lower fasting insulin levels with higher
scores for the Prudent dietary pattern (r = —0.32, p = 0.07). A positive association between

fasting glucose levels and the Western dietary pattern was observed (r = 0.38, p = 0.03).

Principal component analysis of the metabolites

PC1 explained 7.97% of the variance in the data and PC2, 5.81%. As presented in Figure
4.1, PC1 was composed mostly of medium- to long-chain ACs (C16:2, C14:2, C14:2-OH,
Cle, C14:1-OH, C14:1, C10:2, C5-DC/C6-OH, C12, C18:2, C10, C4:1-DC/C6, C8:1 and
C2) whereas PC2 was mainly composed of AAs and short-chain ACs (xLeu, Met, Arg,
Phe, Pro, Orn, His, C0, C3, C4 and C5).

The Prudent dietary pattern was not correlated neither to PC1 nor to PC2 (r = —0.19, p =
0.26 and r = —0.21, p = 0.21, respectively). The Western dietary pattern, was correlated
with PC2 (r = 0.34, p = 0.04). When further adjusted for the effects of age, sex and BMI,
both PCs were associated with the Western dietary pattern. The Western dietary pattern
correlated negatively with PC1 and positively with PC2 (r =—0.34, p =0.05 and r = 0.38, p

106



= 0.03, respectively). To further explore the associations between the Western dietary
pattern and PCs, subjects were divided into tertiles according to the Western dietary pattern
score. The relationships between tertiles of the Western dietary pattern and PC1 and PC2

scores were not significant (p = 0.10 and p = 0.15, respectively).

In order to achieve a better understanding of the impact of dietary variables on the
metabolic signature, the possible correlations between each dietary variable (food groups
contributing either to Prudent or Western dietary pattern and macronutrient intake
(expressed in energy percentages)) and the scores for each PC were tested (adjusted for age,
sex, BMI and energy intakes (only for food groups)), as presented in Table 4.3. Briefly,
PC1 was not correlated with any food groups. PC2 was negatively correlated with fruit
intake and positively associated with dessert intake (r = —0.38, p =0.03 and r = 0.37, p =
0.04, respectively) adjusted for age, sex, BMI and energy intakes. For the macronutrients,
expressed as energy percentages, a positive association for PC2 with total fat and saturated
fat intakes was observed (r = 0.39, p = 0.02 and r = 0.50, p = 0.003, respectively).
Interestingly, when dietary total fat, saturated fat, fruit and dessert were divided into
tertiles, only saturated fat intake tertiles were different according to PC2 scores (Figure 4.2)
(p=10.01). As shown in Figure 4.2, saturated fat intakes < 11.30% had negative PC2 scores,
which indicate that their metabolic signature was not corresponding to PC2 characterised
by higher concentrations of ACs and short-chain AAs. PC1 did not correlate with any
macronutrients. In Table 4.4, partial correlations between dietary pattern scores and each
AC and AA (only the metabolites which were associated with a PC) are shown. The
Prudent dietary pattern score was positively associated with concentrations of C5-DC/C6-
OH (glutaryl-L-carnitine) and C18:2 (octadecadienyl-L-carnitine). The Western dietary

pattern score was positively associated with methionine and phenylalanine.

Dietary intakes and individual metabolites

To further explore the impact of dietary intakes on metabolites, partial correlations were
tested for each metabolite. Briefly, intakes of vegetables and fruits were positively

associated with C18:2 (octadecadienyl-L-carnitine) (r = 0.49, p = 0.004, for both) and

107



inversely associated with xleucine (r = —0.35, p = 0.05, for both). Fruit intakes were also
inversely associated with methionine (r = —0.40, p = 0.02). The intakes of non-
hydrogenated fats were positively associated with C14:1 (tetradecadienyl-L-carnitine) and
C18:2 (octadecadienyl-L-carnitine) (r = 0.39, p = 0.02 and r = 0.46, p = 0.007, respectively)
and inversely with histidine (r = —0.42, p = 0.01). The intakes of dessert were positively
associated with three AAs, methionine, phenylalanine and xleucine (r = 0.49, p = 0.004, r =
0.40, p = 0.02 and r = 0.38, p = 0.03, respectively). The intake of sweets also was
associated with methionine concentrations (r = 0.41, p = 0.02) and with C18:1-OH
(hydroxyoctadecenoyl-L-carnitine) and C5:1-DC (glutaconyl-L-carnitine) (r = 0.37, p =
0.04 and r = 0.42, p = 0.01, respectively). When observing macronutrient intakes, saturated
fat intakes expressed as energy percentages were positively associated with C5 (valeryl-L-
carnitine) (r = 0.36, p = 0.04) and inversely with C18:2 (octadecadienyl-L-carnitine) (r =
—0.46, p = 0.006). Monounsaturated fat intakes were positively associated with C8:1
(octenoyl-L-carnitine) (r = 0.50, p = 0.003) and inversely with C5-M-DC (methylglutaryl-
L-carnitine) (r = —0.42, p = 0.01). Polyunsaturated fat intakes were also inversely
associated with C5-M-DC (methylglutaryl-L-carnitine) (r = —0.35, p = 0.04) but as well
with proline concentrations (r = —0.35, p = 0.04) and positively associated with C10:2
(decadienyl-L-carnitine) (r = 0.37, p = 0.03). Protein intakes expressed as energy
percentages were associated with ornithine and histidine (r = 0.44, p = 0.009 and r = 0.42, p
= 0.01, respectively). The opposite was observed for carbohydrate intakes which correlated

inversely with ornithine concentrations (r = —0.55, p = 0.0008).
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Discussion

The Prudent and the Western dietary patterns from this study had many similarities with the
dietary patterns described in the literature. The Prudent dietary pattern is usually associated
with high consumption of vegetables, fruits and whole grain products whereas the Western
dietary pattern relates to higher intakes of red and processed meats, refined grain products
and sweets [24]. In this study, an association with higher fasting glucose was observed
among individuals with high scores for the Western dietary pattern. Associations between
dietary patterns and type 2 diabetes have been frequently observed and have been reviewed

recently by Alhazmi et al. [25].

PC1 was composed mainly of medium- to long-chain ACs whereas PC2 was composed of
short-chain ACs and AAs including the BCAA xleucine and the aromatic AA
phenylalanine. Recent studies have shown a link between plasma levels of certain AAs and
the risk of insulin resistance. Newgard et al. [12] have observed a metabolic signature
among obese individuals characterised by a combination of BCAA, methionine, aromatic
AAs and short-chain ACs (C3 and C5) which was related to insulin resistance. It has also
been observed that increased levels of BCAA and aromatic AAs were associated with the
risk of developing future type 2 diabetes [26]. Laferrére ef al. [11] have studied the impact
on ACs and AAs of weight-loss induced by gastric bypass surgery or by a hypocaloric diet.
In their study, the first PC (mostly medium- to long-chain ACs) was associated with
improved insulin sensitivity and the second PC (mostly AAs and short-chain ACs) was
associated with an increase in insulin resistance. The gastric bypass surgery was associated
with a decrease in short-chain ACs: C3, C4-DC and C5 ACs and AAs: alanine,
leucine/isoleucine, phenylalanine and tyrosine. The ACs C3 and C5 have been
demonstrated to be, at least partly, the products of AAs catabolism, especially BCAA
(leucine/isoleucine and valine), possibly indicating an increase in enzymes related to
BCAA catabolism [12]. In this study, no correlations were observed between PCs and
fasting insulin or glucose levels. This could be due to the fact that the individuals from this
cohort were healthy as well as only slightly overweight. Thus, their metabolic profile was

not deteriorated leading to too subtle differences to be detected according to PCs scores.
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Interestingly, scores for the Western dietary pattern were inversely associated with PC1
(medium- to long-chain ACs) and positively with PC2 (short-chain ACs and AAs including
the BCAA xleucine). Xu et al. [15] compared the metabolite profile between a
lactovegetarian diet with an omnivorous diet. Among the most different metabolites, there
was glycine which was higher among lactovegeterians and phenylalanine which was lower
among lactovegeterians compared to omnivorous controls. The authors hypothesised that
phenylalanine concentrations may have been higher among the omnivorous group due to
the intakes of animal proteins which contain more phenylalanine than proteins from vegetal
sources. In our study, higher AAs levels in PC2 was not associated to an increase in total
protein, animal protein or vegetal protein intakes (data not shown). In addition, protein
intakes correlated positively with the Prudent dietary pattern and negatively with the
Western dietary pattern. Thus, changes may be due to a modification in rates of protein
turnover or AA catabolism. Differences in the expression of the enzyme responsible for
BCAA catabolism (branched-chain a-ketoacid dehydrogenase (BCKD) complex) have
been reported among obese rats compared to their lean counterparts [27]. BCKD’s activity
was reduced among obese rats and also among diet induced obese mice, which were fed a
diet containing from 45% to 60% energy from fat [27]. May et al. [16] have studied the
effects on urine metabolomic profiles of a diet devoid of fruits and vegetables compared to
a diet high in fruits and vegetables. They observed for the group deprived with fruits and
vegetables, higher concentrations of short- to medium-chain ACs and higher concentrations
of AAs and tricarboxylic cycle intermediates. They also hypothesised that these alterations
could be due to a shift from glucose utilisation to fatty acid beta-oxidation. In our study, the
Western dietary pattern was inversely associated with vegetable consumption (data not
shown) and with a PC (PC2) characterised by higher concentrations of four short-chain
ACs and seven AAs. In addition, an inverse association between fruit consumption and
PC2 was observed in the present study. Thus, it seems that low fruit and vegetable intakes
may be associated with a metabolic signature characterised by higher levels of shorter chain

ACs and AAs.
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When further examining the relationships between food groups and PCs, the most
important correlation was observed between saturated fat intakes and PC2. Mechanisms
behind these relations are unknown. Saturated fat intakes have been shown to be less potent
activators than polyunsaturated fatty acids of an important transcription factor regulating
fatty acid beta-oxidation, peroxisome proliferator-activated receptor alpha (PPARA) [28]. It
has also been observed that oleate, compared to palmitate, the main saturated fat from the
diet, increased mitochondrial fatty acid beta-oxidation [29]. However, other studies have
reported the opposite. Stephenson et al. [30] have observed that among rats fed a
«Western» diet (higher in fat, saturated fat and sucrose intakes) the activity of several
mitochondrial enzymes involved in fatty acid beta-oxidation was increased. These
discrepancies may be dependent of the overall effect of diet. Saturated fat alone may not
have the same effect on fuel selection than when consumed in conjunction with higher
intakes of sugary foods. In rat models, it has been observed that in long term, the rats fed a
diet high in saturated fat and sucrose developed more severe symptoms of the metabolic

syndrome than rats fed diets either high in saturated fat or high in sucrose alone [31].

Even though this cohort was generally healthy, differences in metabolic signatures have
been observed and may be indicative of a higher or lower risk of future cardiometabolic
diseases. A strength of this study is the analysis of dietary intakes grouped in dietary
patterns from FFQ which represents real life intakes. Obviously, functional analyses are
needed to understand underlying mechanisms behind these associations between dietary
patterns and ACs and AAs concentrations in the plasma. One limitation of this study could
come from the use of PCA. Results could be sample specific and strongly affected by
subjective analytic decisions [1]. Nevertheless, to minimize subjectivity and allow data to
be used in other studies, eigenvalue, Scree test and the literature were examined before
selecting the number of PCs and for the dietary patterns, data from previous studies were

also considered for food grouping.
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Conclusion

In conclusion, the results of the present study indicate a relationship between the Western
dietary pattern and saturated fat intakes with a metabolic signature characterised by higher
levels of short-chain ACs and AAs including BCAA and an aromatic AA. Individuals
eating according to the Western dietary pattern or with high saturated fat intakes may
increase their long term risk of cardiometabolic diseases possibly via small metabolic

alterations.
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Table 4.1 Descriptive characteristics of the study participants.

Variables All participants (n = 37)
Age (years) 34.59+9.16
Sex (men/women) 16/21
BMI (Kg/m?) 29.69 £4.17
Waist circumference (cm) 93.46 £11.89
Systolic blood pressure (mmHg) 108.03 £ 8.67
Diastolic blood pressure (mmHg) 71.89 +8.57
Fasting glucose (mmol/L) 5.01+0.74
Fasting insulin (pmol/L) 84.57+34.78
Total-C (mmol/L) 529+1.35
LDL-C (mmol/L) 3.18+1.13
HDL-C (mmol/L) 1.46 +£0.48
Triglycerides (mmol/L) 1.43+£0.93
ApoB (g/L) 0.96 +0.30
Means + SD.
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Table 4.2 Dietary intakes and plasma AC and AA according to dietary pattern score.

Low Prudent High Prudent P-value! Low Western High Western P-value!

(<0) (n =20) >0) (n=17) (<0) (n =16) G0 (n=21)
Dietary intakes
Carbohydrate (%) 4938+599  50.48+6.37 0.35 51.91+7.21 4835+ 4.73 0.35
Protein (%) 17.14 £ 2.78 18.46 +£2.26 0.20 18.20 £ 2.66 17.40 £ 2.58 0.43
Total fat (%) 32.57+6.15 31.93+4.19 0.56 30.52 +5.89 33.61+4.45 0.29
Saturated fat (%) 11.41 +£1.83 9.55+2.11 0.004 9.11 £2.08 11.65+1.47 0.0006
Monounsaturated fat (%) 13.24 +£ 3.06 13.48 £2.04 0.92 12.83 +£2.98 13.75+2.28 0.81
Polyunsaturated fat (%) 5.30+1.53 6.24 £1.30 0.07 5.97+1.57 555+1.44 0.17
Cholesterol (mg) 329.88 £ 167.61 357.86 +188.90 0.84 263.76 £ 167.15 402.92 +160.78 0.07
Total fiber (g) 19.38 + 4.83 30.43 £ 7.03 <0.0001 2571 +7.53 23.51+8.54 0.31
Acylcarnitines (ACs)
Co 25.16 £ 5.07 27.50+7.09 0.24 23.78 £ 6.73 28.10+4.97 0.24
C2 5.55+1.36 520+ 1.55 0.57 5.33+1.48 5.44 +1.44 0.76
C3 0.36+0.14 0.29+0.10 0.04 0.30+0.12 0.34+0.13 0.95
C4 0.18 £0.06 0.16 £0.07 0.44 0.16 £0.08 0.18+0.05 0.46
C4:1-DC/C6 0.05+£0.01 0.06 £0.02 0.08 0.05+£0.02 0.05+0.02 0.39
C5 0.11 £0.04 0.11 +£0.03 0.64 0.10+0.03 0.12+0.04 0.39
C5-DC/C6-OH 0.01 £0.00 0.02+£0.00 0.01 0.01 £0.01 0.01 £0.00 0.62
C8:1 0.14 £ 0.08 0.12 +£0.06 0.63 0.12+0.08 0.13+£0.07 0.83
C10 0.16 £0.07 0.22+0.13 0.07 0.17 £0.09 0.20+0.11 0.47
C10:2 0.02 +0.01 0.03 +0.01 0.11 0.02+0.01 0.03+0.01 0.12
Cl12 0.06 £0.03 0.08 £0.03 0.06 0.06 £0.03 0.08 £0.03 0.31
Cl4:1 0.17£0.03 0.21 £0.09 <0.05 0.19+£0.08 0.19+0.07 0.95
Cl14:1-OH 0.01 £0.00 0.01 £0.01 0.54 0.01 £0.01 0.01 £0.01 041
Cl4:2 0.03 £0.01 0.04 £0.02 0.02 0.03 £0.02 0.03 £0.02 0.89
Cl14:2-OH 0.01 £0.00 0.01 £0.01 0.19 0.01 £0.00 0.01 £0.00 0.63
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Cl6 0.08 £0.02 0.08 £0.04 0.37 0.07 £0.03 0.08 £0.03 0.45
Cl6:2 0.01 £0.00 0.01 £0.01 0.19 0.01 £0.00 0.01 £0.01 0.65
C18:2 0.04 £0.01 0.05+0.01 0.002 0.04 £0.01 0.04 £0.01 0.42
Amino acids

xleucine 183.95+46.81 161.29+26.70 0.03 152.94 +21.48 189.24 + 44.08 0.03
Methionine 2837+5.14 26.54 +£4.32 0.05 24.25+4.23 30.02 +3.60 0.0004
Arginine 99.91 + 32.87 95.81 +23.14 0.64 93.54 £ 27.05 101.44 £ 29.76 0.79
Phenylalanine 48.18£8.10 46.56 £4.91 0.31 43.86 £4.55 50.16 £ 7.02 0.007
Proline 167.32 £58.74 157.68 £39.76 0.47 154.47 + 44.03 169.30 &+ 55.06 0.89
Ornitine 49.06 £ 17.18 52.61 +15.80 0.48 4544 £17.75 54.69 + 14.51 0.33
Histidine 93.59 £ 20.35 93.79 + 13.96 0.94 93.55+16.26 93.78 £ 17.74 0.65
Means + SD.

P-values in bold were considered significantly different.
IP-values of the GLM models are adjusted for age, sex and BML.
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Table 4.3 Partial correlations between metabolite PCs and dietary pattern scores, food

groups and macronutrient intakes.

Dietary variables PC1 PC2
Dietary patterns
Prudent dietary pattern r —-0.18 -0.25
p! 0.31 0.15
Western dietary pattern T -0.34 0.38
p! 0.05 0.03
Food groups
Processed meats r —-0.14 -0.12
p? 0.45 0.52
Vegetables r —-0.13 -0.27
p? 0.46 0.13
Fruits T —-0.10 —-0.38
p? 0.59 0.03
Whole grain products r —-0.21 —-0.24
p? 0.23 0.18
Non-hydrogenated fats r —-0.02 —-0.17
p? 0.93 0.34
Refined grain products T —0.14 0.04
p? 0.43 0.85
Desserts r —-0.09 0.37
p? 0.60 0.04
Sweets r -0.18 0.25
p? 0.32 0.16
Macronutrient intakes
Total fat (%) r 0.23 0.39
p! 0.20 0.02
Saturated fat (%) r 0.11 0.50
p' 0.52 0.003
Monounsaturated fat (%) r 0.28 0.28
p! 0.10 0.10
Polyunsaturated fat (%) r 0.06 0.07
p! 0.74 0.70
Protein (%) r —-0.00 —0.14
p' 0.99 0.42
Carbohydrate (%) r —-0.00 -0.29
p' 0.99 0.10

P-values in bold were considered significantly different.
IP-values are adjusted for age, sex and BML.
2P-values are adjusted for age, sex, BMI and energy intakes.

120



Table 4.4 Partial correlations between dietary pattern scores, ACs and AAs.

Acylcarnitines Prudent dietary pattern Western dietary pattern
Cco r 0.09 r 0.18
p 0.60 p 0.32
C2 r —0.05 r 0.07
p 0.76 p 0.68
C3 r —0.23 r —0.02
p 0.20 p 0.92
C4 r —-0.15 r 0.15
p 0.41 p 0.41
C4:1-DC/C6 r 0.26 r 0.13
p 0.14 p 0.46
Cs r —0.26 r —0.02
p 0.14 p 0.91
C5-DC/C6-OH r 0.35 r —0.06
p 0.04 p 0.74
C8:1 r —0.20 r —0.10
p 0.25 p 0.56
C10 r 0.16 r 0.22
p 0.36 p 0.20
C10:2 r 0.19 r 0.30
p 0.29 p 0.08
C12 r 0.18 r 0.32
p 0.32 p 0.07
Cl14:1 r 0.27 r 0.06
p 0.12 p 0.73
C14:1-OH r 0.07 r 0.11
p 0.69 p 0.52
Cl14:2 r 0.28 r 0.08
p 0.11 p 0.67
C14:2-OH r 0.20 r 0.05
p 0.27 p 0.78
Cl16 r 0.18 r 0.13
p 0.30 p 0.47
Cl6:2 r 0.15 r 0.09
p 0.39 p 0.62
C18:2 r 0.51 r —-0.17
p 0.002 p 0.34
Amino acids
xleucine r —-0.33 r 0.30
p 0.06 p 0.08
Methionine r —-0.30 r 0.55
p 0.08 p 0.0008
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Histidine
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P-values in bold were considered significantly different.
P-values are all adjusted for age, sex and BMI.
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Figure 4.1 ACs and AAs associated with PC1 and PC2.

eu
C5-M-DC
C3-DC/C4-OH

Metabolites with absolute factor loadings > 0.50 were regarded as significant contributors to the PC.
The blue line and squares represent PC1 and the red line and squares represent PC2.
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PC2 score

Figure 4.2 PC2 scores according to tertiles of saturated fat intake.
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PC2 scores and tertile of saturated fat intake (means = SE). Means with different letters are
significantly different. Means of saturated fat intake according to tertiles: tertile 1 (4.72-10.13%, n =
12), tertile 2 (10.29-11.30%, n = 13) and tertile 3 (11.51-14.72%, n = 12). Tertile 1 versus tertile 3:
p = 0.005. Tertile 1 versus tertile 2: p = 0.40. Tertile 2 versus tertile 3: p =0.05.
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Résumé

Introduction : Une variabilité interindividuelle dans la réponse des concentrations de
triglycérides plasmatiques (TG) suite a une supplémentation en huile de poisson a été
observée. Objectif : Examiner les associations entre des polymorphismes nucléotidiques
simples (SNPs) présents dans des geénes encodant pour des protéines impliquées dans la
lipogénese de novo et les changements relatifs dans les concentrations de TG suite a une
supplémentation en huile de poisson. Méthodes : Deux cent huit participants ont été
recrutés dans la région de Québec. Les participants ont complété une supplémentation en
huile de poisson d’une durée de 6 semaines (5g d’huile de poisson/jour : 1,9-2,2g d’AEP et
1,1g d’ADH). Des SNPs présents dans les genes SREBFI, ACLY et ACACA ont été
génotypés en utilisant la méthodologie TAQMAN. Résultats : Apres avoir corrigé le seuil
de signification pour les comparaisons multiples, seuls deux SNPs, rs8071753 (ACLY) et
rs1714987 (ACACA), étaient associés avec le changement relatif des concentrations de TG
(p=0,004 et p=0,005, respectivement). Ces deux SNPs, rs8071753 et rs1714987,
expliquaient 7,73% de la variance dans les changements relatifs des concentrations de TG
suite a la supplémentation en huile de poisson. Les fréquences génotypiques pour le SNP
rs8071753 en fonction de la réponse des concentrations de TG (répondeur versus non-
répondeur) étaient différentes (p=0,02). Conclusion : La présence de certains SNPs des
genes ACLY et ACACA, encodant pour des protéines impliquées dans la lipogénese de novo

influence la réponse des concentrations de TG suite a la consommation d’huile de poisson.
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Abstract

Background: Inter-individual variability in the response of plasma triglyceride
concentrations (TG) following fish oil consumption has been observed. Objective: To
examine the associations between single-nucleotide polymorphisms (SNPs) within genes
encoding proteins involved in de novo lipogenesis and the relative change in plasma TG
levels following a fish oil supplementation. Design: Two hundred and eight participants
were recruited in the greater Quebec City area. The participants completed a 6-week fish oil
supplementation (5g fish oil/day: 1.9-2.2g EPA and 1.1g DHA). SNPs within SREBF I,
ACLY and ACACA genes were genotyped using TAQMAN methodology. Results: After,
correction for multiple comparison, only two SNPs, rs8071753 (ACLY) and rs1714987
(ACACA), were associated with the relative change in plasma TG concentrations (p=0.004
and p=0.005, respectively). These two SNPs, rs8071753 and rs1714987, explained 7.73%
of the variance in the plasma TG relative change following fish oil consumption. Genotype
frequencies of rs8071753 according to the TG response groups (responders versus non-
responders) were different (p=0.02). Conclusion: The presence of certain SNPs within
genes such as ACLY and ACACA, encoding proteins involved in de novo lipogenesis seem

to influence the plasma TG response following fish oil consumption.
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Introduction

In Canada, cardiovascular disease (CVD) is the second leading cause of mortality after
cancer (1). Many risk factors contribute to increase the risk of developing CVD. Among
them, plasma triglyceride concentrations (TG) have been debated about whether they
should be considered as an independent CVD risk factor. A review by Morisson ef al. (2),
indicated that plasma TG concentrations are an independent risk factor of coronary events
in individuals without previous history of coronary heart disease (CHD). Plasma TG
concentrations was the parameter of the metabolic syndrome the most strongly and
independently associated with myocardial infarction and stroke (3). However, a recent
meta-analysis has demonstrated no independent association between plasma TG
concentrations and CVD risk (4). Still, the presence of high plasma TG concentrations is an

important biomarker indicating alterations of lipid metabolism.

Omega-3 polyunsaturated fatty acids (n-3 PUFA) have been proven as an effective way to
reduce plasma TG concentrations (5). However, a large inter-individual variability has been
observed in plasma TG concentrations response following an n-3 PUFA supplementation
(6-8). A decrease in de novo lipogenesis is one of a few pathways which could explain the
n-3 PUFA plasma TG lowering effects. Lipogenesis is strongly regulated by the
transcription factor Sterol regulatory element binding transcription factor 1 (SREBF1) (9).
N-3 PUFA decrease the expression of SREBF1 (10, 11). SREBFI regulates the activity of
several lipogenic genes such as ATP citrate lyase (ACLY) and acetyl-CoA carboxylase
alpha (ACACA). ACLY is the primary enzyme responsible for the synthesis of acetyl-CoA
in the cytosol (12). Acetyl-CoA may then be transformed by ACACA to malonyl-CoA
which is the first product in fatty acid biosynthesis (13). Only a few polymorphisms within
these genes have been studied. SREBF'I, gly952gly (rs2297508), has been associated with
obesity, type 2 diabetes and serum lipids (14-16) whereas a few SNPs within ACACA gene
(rs1266175 and rs2229416) were associated with plasma TG concentrations after the intake
of certain antipsychotic drugs (17). The effects of SNPs within these genes on plasma TG
concentrations have never been studied in the context of an n-3 PUFA supplementation.

Therefore, the aim of the present study was to examine the associations between
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polymorphisms in genes involved in lipogenesis pathway and the plasma TG response

following a marine n-3 PUFA supplementation.
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Methods

Subjects

A total of 254 unrelated subjects were recruited to participate in this clinical trial from the
greater Quebec City metropolitan area between September 2009 and December 2011
through advertisements in local newspapers as well as by electronic messages sent to
university students/employees. It was determined that a group of 152 participants was
sufficient to provide an 80% probability and a 5% significance level of detecting an
anticipated difference of 0.25 mmol/L in plasma triglycerides concentrations after 6 weeks
of fish oil supplementation with a genetic variation occurring in a relatively low frequency
(5%) of the population. To be eligible, subjects had to be non-smokers and free of any
thyroid or metabolic disorders requiring treatment such as diabetes, hypertension, severe
dyslipidemia, and coronary heart disease. Participants had to be aged between 18 and 50
years old and with a body mass index (BMI) between 25 and 40 Kg/m?2. The subjects who
had taken n-3 PUFA supplements during the six months preceding the study were
excluded. A total of 210 subjects completed the n-3 PUFA supplementation period.
However, plasma TG concentrations were available for 208 participants, thus the analyses
were conducted on 208 participants. The experimental protocol was approved by the ethics
committees of Laval University Hospital Research Center and Laval University. This
clinical trial was registered at clinicaltrials.gov (NCT01343342). Informed written consent

was obtained from all the study subjects.

Study design and diets

Subjects followed a run-in period of 2 weeks. Individual dietary instructions were given by
a trained dietitian to achieve the recommendations from Canada's Food Guide. Subjects
were asked to follow these dietary recommendations and maintain their body weight stable
throughout the research protocol. Some specifications were given regarding the n-3 PUFA
dietary intakes: not to exceed two fish or seafood servings per week, prefer white flesh
fishes instead of fatty fishes (examples were given) and avoid enriched n-3 PUFA dietary
products such as some milks, juices, breads and eggs. Subjects were also asked to limit

their alcohol consumption during the protocol: two regular drinks per week were allowed.
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In addition, subjects were not allowed to take n-3 PUFA supplements (such as flaxseed),

vitamins or any natural health products during the protocol.

After the 2-week run-in period, each participant received a bottle containing n-3 PUFA
capsules for the next 6 weeks. They were instructed to take five capsules (1 g of fish
oil/capsule) per day (Ocean Nutrition, Nova Scotia, Canada), providing a total of 5 g of fish
oil (1.9-2.2g EPA and 1.1 g DHA) per day. Capsules were provided in sufficient quantity
for 6 weeks. Compliance was assessed from the return of bottles and by measuring plasma
phospholipid fatty acid composition. Subjects were asked to report any deviation during
the study protocol and to write down their alcohol and fish consumption as well as any side

effects.

A validated food-frequency questionnaire (FFQ) was administrated to each participant
before the run-in period by a trained registered dietitian (18). This FFQ is based on typical
food items available in Quebec and contains 91 items with 27 items that have between 1
and 3 subquestions. The subjects were asked how often they consumed each item per day,
per week, per month, or none at all during the last month. Many examples of portion size
were provided for a better estimation of the real portion consumed by the subject.
Moreover, subjects completed two 3-d food records, before and after the n-3 PUFA
supplementation period. Dietary data included both foods and beverages consumed at home
and outside. A dietitian provided instructions on how to complete the food record with
some examples and a written copy of these examples. All foods and beverages consumed
on 2 representative weekdays and 1 weekend day were weighed or estimated and recorded
in food diaries. Dietary intake data were analyzed using Nutrition Data System for
Research software version 2011 developed by the Nutrition Coordinating Center (NCC),

University of Minnesota, Minneapolis, MN.

Anthropometric measurements

Body weight, height, and waist girth were measured according to the procedures

recommended by the Airlie Conference (19) and were taken before the run-in period, as
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well as before and after the n-3 PUFA supplementation. BMI was calculated as weight per
meter squared (Kg/m?).

Biochemical parameters

The morning after a 12-hour overnight fast and 48-h alcohol abstinence, blood samples
were collected from an antecubital vein into vacutainer tubes containing EDTA. Blood
samples were used to identify individuals with metabolic disorders, which were excluded.
Plasma was separated by centrifugation (2500 x g for 10 minutes at 4°C), samples were
aliquoted and frozen for subsequent analyses. Plasma total cholesterol (total-C) and plasma
TG concentrations were measured using enzymatic assays (20, 21). Infranatant (d >1.006
g/ml) with heparin-manganese chloride was used to precipitate VLDL and LDL and then
determine HDL cholesterol concentrations (HDL-C) (22). The equation of Friedewald was
used to estimate LDL-cholesterol concentrations (LDL-C) (23). Non-HDL-C was
calculated by subtracting HDL-C from total-C. Plasma apoB-100 concentrations were
measured by the rocket immunoelectrophoretic method of Laurell, as previously described

(24).

Fatty acid composition of plasma phospholipids

Briefly, plasma lipids were extracted with chloroform:methanol (2:1, by volume) according
to a modified Folch method (25). Total PL were separated by thin layer chromatography
using a combination of isopropyl ether and acetic acid and fatty acids of isolated PL were
then methylated. Capillary gas chromatography was then used to obtain FA profiles. The

technique used for plasma analyses has been previously validated (26).

SNPs selection and genotyping

SNPs were selected with the International HapMap Project SNP database (HapMap Data
Rel 28 Phase II+III, August 10, on National Center for Biotechnology Information (NCBI)
B36 assembly, dbSNP b126). Tag SNPs (tSNPs) were determined with the tagger

procedure in HaploView software version 4.2 with minor allele frequency (MAF) of >0.05
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and pairwise tagging R? > 0.80. For each gene a minimum of 85% of the most common
SNPs had to be captured by tSNPs. Additionally, tSNPs were prioritized according to the
following criteria: (1) known SNPs from the literature, (2) SNPs within coding regions
(exon), (3) SNPs within the promoter region (2500 bp before the start codon), (4) SNPs
within 3’ untranslated region (UTR) (500 bp after the stop codon) and (5) SNPs within 100
bp before an exon-intron splicing boundaries. Afterwards, as shown in Figure 5.1, linkage
disequilibrium (LD) plot were generated with Haploview software version 4.2. All tSNPs
were genotyped within INAF laboratories with the TAQMAN methodology (27), as
described previously (8). Briefly, genotypes were determined using ABI Prism SDS version
2.0.5 (Applied Biosystem, Foster City, CA, USA). All SNPs were successfully genotyped.
In an attempt to further understand the potential effects of the associated tSNPs on splice
consensus sites or on intronic enhancer regions, NNSPLICE (28), Splice Site Finder (29,

30) and FASTSNP (31) web based programs were used.

Statistical analyses

Hardy-Weinberg equilibrium was tested with the ALLELE procedure of SAS version 9.3
using Fisher’s exact test (P<0.01). When the genotype frequency for homozygotes
individuals of the minor allele was <5%, carriers (heterozygotes and homozygotes

individuals) of the minor allele were grouped.

Variables non-normally distributed were logarithmically transformed. To examine the
difference between responders and non-responders for the plasma TG response, two groups
were created. The responders group included individuals who decreased their plasma TG
concentrations after the supplementation period (relative change in plasma TG < 0%). The
non-responders group included individuals who did not change their plasma TG
concentrations or even increased them (relative change in plasma TG > 0%). Pre-
supplementation and the relative change in the descriptive characteristics of the participants
were compared between the responders and non-responders with an ANOVA including

age, sex and BMI (except for BMI and waist circumference variables).
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In order to verify the SNPs which were associated with the relative change in plasma TG
concentrations, the GLM procedure of SAS was used and age, sex and BMI were included
as confounding variables. To take into account the effects of multiple testing the simpleM
procedure described by Gao et al. (32) was utilised. This method takes into consideration
the impacts of LD between SNPs and has been demonstrated as efficient and accurate
compared to permutation-based corrections (32). First, the composite LD correlation matrix
was derived from the data set. Then, eigenvalues were calculated using the SAS
PRINCOMP procedure and the number of effective independent tests was inferred so that
the corresponding eigenvalues explain 99.5% of the variation in SNP data, as proposed by
Gao et al. (32). The final step applies the Bonferroni correction formula to calculate the
adjusted point-wise significance level, which was defined as ac=0.05/9 (effective

independent tests). Thus, p-values lower than 5.56 X 10 were considered significant.

To identify the variables the most tightly associated with the relative change in plasma TG
concentrations, a regression model with stepwise selection, including and retaining only
variables and tSNPs with p<0.05 was created. This regression model included age, sex,
BMI and the tSNPs. Fisher’s exact test was performed to verify the differences in the
frequencies between responders and non-responders according to individual SNPs. All
statistical analyses were performed using SAS statistical software version 9.3 (SAS

Institute, Inc., Cary, NC, USA).
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Results

Descriptive characteristics of the study population

Descriptive characteristics of the study participants are presented in Table 5.1. Briefly,
mean BMI was slightly over 25 Kg/m? and blood lipids were around normal values (33).
Descriptive characteristics of the study participants according to plasma TG response
(responders vs non-responders), are shown in Table 5.2. Before the supplementation, non-
responders had higher HDL-C concentrations and lower plasma TG concentrations than
responders. After the supplementation, non-responders increased slightly more their BMI
than responders. Non-responders increased their total-C and plasma TG concentrations and
decreased their HDL-C while the opposite was observed for responders. These results are

concordant with our previous results for a subset of 12 selected participants from this

cohort (34).

TSNPs and baseline characteristics according to genotypes

The compliance rate for the fish oil supplementation was 94.41%+8.33%. The responders
had a compliance rate of 93.98%+8.85% (n=148) and for the non-responders the
compliance rate was 95.48%=+6.71% (n=60) (p=0.17). No differences were observed in
fatty acid incorporation into plasma phospholipids (total n-3 PUFA, EPA and DHA)
between responders and non-responders (data not shown). The selected SNPs are presented
in Table 5.3. All SNPs were in Hardy-Weinberg equilibrium. In Figure 5.1 (A to C), LD
plot are presented. Briefly, three tSNPs covered 100% of the known genetic variability
within SREBF'I gene, three tSNPs covered 88% for ACLY and eight tSNPs covered 85% for
ACACA.

Age, sex and baseline BMI did not differ by genotypes except for rs4925118 (SREBFI) for
age, and rs12953299 (SREBFI) and rs1266175 (ACACA) for sex (p=0.01, p=0.01 and
p=0.02, respectively). C/C homozygotes of rs4925118 (SREBF'I) were slightly older than
carriers of the rare allele (data not shown). A greater proportion of men were A/A

homozygotes for rs12953299 (SREBFI) and G/G homozygotes for rs1266175 (63% for
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both). Genotype frequencies according to the plasma TG response group seemed to differ
only for rs8071753 (ACLY) (p=0.02) and trends were observed for three tSNPs within
ACACA gene (12921368, rs1714987 and rs3815059) (Table 5.4).

Associations between tSNPs and baseline plasma TG levels

The SNP rs1714987 (ACACA) seemed associated with pre-supplementation plasma TG
concentrations (p=0.006) (adjusted for age, sex and BMI). Carriers of the G allele (n=69)
seemed to have higher baseline plasma TG concentrations than C/C homozygotes (n=139)

(1.32+0.58 mmol/L compared to 1.15+0.65 mmol/L).

Association between tSNPs and the plasma TG relative change

As presented in Table 5.5, two SNPs (rs8071753: ACLY and rs1714987: ACACA) were
associated with the relative change in plasma TG concentrations (adjusted for age, sex and
BMI). Both associated tSNPs (rs8071753 and rs1714987) where located within intronic
regions. Thus, to further examine the putative effects of these tSNPs on splice site,
NNSPLICE, Splice Site Finder and FASTSNP were used. According to Splice Site Finder,
A allele of rs8071753 seems to slightly decrease a putative donor site (72.61 to 74.59)
compared to G allele. C allele of rs1714987 also slightly decreased a putative donor site
compared to G allele (81.66 to 83.42). None of these predictions were confirmed by
NNSPLICE program. According to FASTSNP program, rs8071753 and rs1714987 were
not predicted to be in any transcription factor binding site or splicing site. Hence, it is
unlikely that these SNPs may be responsible for possible alternative splice events or have a

functional impact.

In an attempt to identify the variable the most tightly associated with the relative change in
plasma TG concentrations, a regression model with stepwise selection including age, sex,
BMI and the tSNPs was computed. Only the tSNPs rs8071753 (partial R?>=3.73%, p=0.005)
and rs1714987 (partial R?=4.01%, p=0.003) contributed to the model. In sum, the two
SNPs allowed explaining 7.73% of the variance in the relative change of plasma TG

concentrations. Age, sex and BMI were not contributors to the regression model, indicating
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that they were not associated with the relative change in plasma TG concentrations

following the n-3 PUFA supplementation.

The mean plasma TG relative change of individuals with both genotypes (A/A or A/G for
rs8071753 and C/C for rs1714987) associated with a lower plasma TG response was -
0.63%+30.54% (n=52) compared to a mean of -15.64%=%23.09% (n=156) for the
individuals with zero or one genotype (p=0.0001).
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Discussion

According to the present results, certain SNPs within genes involved in de novo lipogenesis
may explain part of the differences observed in plasma TG concentrations following an n-3
PUFA supplementation. The impact of n-3 PUFA on plasma TG concentrations may be
modified by SNPs within genes involved in de novo lipogenesis pathway. SNPs may lead
to an increase or a decrease in the activity of the enzymes or the affinity to certain
transcription factors affecting the fatty acid metabolic pathway. In this study, two SNPs
(rs8071753 and rs1714987) within genes involved in de novo lipogenesis were associated
with the plasma TG response following an n-3 PUFA supplementation. This biological
pathway contributes directly for only small amounts (<5%) to the NEFA pool utilized for
the assembly of VLDL-TG among healthy individuals (35). However, among individuals
with non-alcoholic fatty liver disease or with hypertriglyceridemia, it may contribute more
importantly (around 15%) to the fatty acids used for VLDL-TG production (35-37). Thus, it
is possible that among individuals with a more deteriorated metabolic profile, SNPs within
genes related to de novo lipogenesis may have been more strongly associated with plasma
TG response. It has been observed that NEFA derived from de novo lipogenesis are
preferentially incorporated into the hepatic intracellular storage pool as TG (38).
Intracellular TG can then be mobilized in the cytosol by lipolysis followed by re-
esterification through a delayed pathway also contributing to VLDL-TG production (38,
39).

As described earlier, n-3 PUFA consumption induces a decrease in de novo lipogenesis
mediated by SREBFI gene (9-11, 40). In the literature, two SNPs within SREBF gene
(rs2297508 and rs1889018) have been associated with a modest increase of type 2 diabetes
risk, body weight (BMI or obesity), total-C, LDL-C and plasma TG concentrations (14, 16,
41, 42). SREBFI regulates the activity of both ACLY and ACACA genes. ACLY gene
encodes for the enzyme converting citrate from the Krebs cycle to acetyl-CoA which enters
the first step of de novo lipogenesis. The enzyme ACACA then produces malonyl-CoA
from acetyl-CoA (12, 13). We hypothesized that SNPs within these genes may modify the
affinity of sterol regulatory element binding protein 1 (SREBP1) with the sterol regulatory
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element (SRE) within the promoter region or their function (43). This study is the first to
report an association between rs8071753 within ACLY gene and plasma TG response
following an n-3 PUFA supplementation. This SNP is located within an intronic region of
ACLY gene and does not seem to have any regulatory impact on ACLY gene (44). In
ACACA gene, the SNP rs1714987 was also associated the plasma TG response.
Interestingly, carriers of the minor G allele seemed to have higher baseline plasma TG
concentrations and decreased their plasma TG concentrations by almost twice as much as
C/C homozygotes following the n-3 PUFA supplementation. Thus, rs1714987 seem to have
a beneficial impact on the plasma TG response following the intake of n-3 PUFA. Diaz et
al. (17), have observed associations between SNPs within ACACA gene (rs1266175 and
1s2229416) and plasma TG concentrations following the intake of certain antipsychotic
drugs that increase the risk of hyperlipidemia, globally having the opposite effect of n-3
PUFA on lipid metabolism by increasing lipogenesis and decreasing fatty acid oxidation

(45, 46).

When the two SNPs associated with the relative change in plasma TG concentrations were
grouped, results demonstrate that individuals having both «at risk» genotypes have hardly
diminished their plasma TG concentration despite the intake of fish oil. It is likely that
individuals who carry different combinations of SNPs may be at an increased risk of no
change or even an increase of their plasma TG concentrations following an n-3 PUFA
supplementation. However, these results need to be replicated and regression models
including more SNPs are required in order to eventually generate a proper model leading to
a clear identification of individuals who will have a beneficial plasma TG response
following an n-3 PUFA supplementation. In this study, baseline plasma TG concentrations
were within normal values, it is possible that with higher baseline values, there would have

been fewer individuals considered as «non-responders» following the intake of fish oil.

Overall, this study shows that SNPs within genes involved in de novo lipogenesis may have
an impact on the plasma TG response following the intake of fish oil. These SNPs may
affect gene regulation by unknown mechanisms or are potentially in LD with other causal

SNPs. More SNPs within genes involved in de novo lipogenesis but also in other metabolic
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pathways such as fatty acid beta-oxidation, should be studied in order to further understand
the genetic basis behind the observed variability in plasma TG response after fish oil
consumption. The determination of SNPs associated with the plasma TG response after the
intake of fish oil could help in the future to use fish oil more efficiently among

hypertriglyceridemic individuals.
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Table 5.1 Descriptive characteristics of the study participants (n=208).

Variables Means = SD
Age (years) 30.82+8.66
Sex (men/women) 96/112
BMI (Kg/m?) 27.84+3.73

Waist circumference (cm)

Systolic blood pressure (mmHg)
Diastolic blood pressure (mmHg)

Men: 94.85+10.98
Women: 91.99+10.44
112.03+13.64 (n=207)

69.54+9.19 (n=207)

Fasting glucose (mmol/L) 4.95+0.52
Fasting insulin (pmol/L) 82.51+£35.61 (n=2006)
Total-C (mmol/L) 4.82+1.01
LDL-C (mmol/L) 2.79+0.87 (n=207)
HDL-C (mmol/L) 1.46+0.39
Triglycerides (mmol/L) 1.23+0.64
ApoB (g/L) 0.86+0.25 (n=207)
Means + SD
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Table 5.2 Descriptive characteristics of the study participants according to plasma TG response (pre- and post-supplementation).

Pre-supplementation

Post-supplementation

. Responders Non-responders } a Responders Non-responders } b
Variables (n=148) (n=60) P-value (n=148) (n=60) P-value
A0.17£1.53% A0.66+1.46%
2
BMI (Kg/m?) 27.81£3.68 27.79+3.91 0.98 27 864379 27.9844.01 0.03
Men (n=66): Men (n=30):
Waist Men (n=66): Men (n=30): Men: A0.37£2.17% A0.35+1.81% 0.94
circumference 93.98+10.04 96.70+£12.29 0.23 94.31+10.08 97.00+12.06
(cm) Women (n=81): Women (n=30):  Women: Women (n=81): Women (n=30):
¢ 91.74+9.74 92.52£11.32 0.75 A-0.09+2.86% A-0.13+2.21% 0.98
91.63+10.19 92.40+11.41
_ 0 )
Total-C (mmol/L) 4.74+0.86 4.77+1.01 092 A 14262611008%6 % Mf;;i?_ g; % 0.02
A1.61+16.40% A2.27+16.76%
LDL-C (mmol/L) 2.74+0.77 2.79+0.91 0.83 2 7620 80 5 844097 0.82
0 _ )
HDL-C (mmol/L) 1.4120.34 1.50+0.39 0.03 Ad Ll % AL20E D285 0003
Triglycerides A-24.68£14.98%  A19.65£19.36%
(mmol/L) 1.28+0.67 1.03+0.48 0.002 0.95+0.50 120£0.54 <0.0001
0.84+0.23 _ A3.85+17.31% A7.94+15.61%
ApoB (g/L) (n=147) 0.83£026 (n=39) 066 061023 (n=147) 0.88:0.25 (n=58) 12

*ANOVA including age, sex and BMI (except for BMI and waist circumference).
®PANOVA assessing the relative change in each variable including age, sex and BMI (except for BMI and waist circumference).

Means = SD
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Table 5.3 The selected single-nucleotide polymorphisms within SREBF1, ACLY and ACACA genes.

Genes dbSNP No.? Sequence” Position MAF Genotype frequency
SREBF] GG AIG  AA
14925115  GGTGGGC[A/G]JGGGCAGA Intron 0425  (n=66) (n=107) (n=35)

0317 0514 0.168

C/C C/T /T

14925118 GTCGGTT[C/T]GCGTCCT Intron 0185  (n=140) (n=59)  (n=9)

0.673 0284  0.043

GG AG  A/A
rs12953299  GCAGGGG[A/G]CACTAAT Intron 0481  (n=56) (n=104) (n=48)

0269 0500 0231

ACLY GG AIG  AA
18071753 ACTACCA[A/G]TCCAAGT Intron 0214  =127) (=73)  (n=8)

0.611 0351 0.039

Exon G/G A/G A/A

18065502  CCTCCGG[A/G]TGCTTCC  (synonymous 0075  (n=178)  (n=29)  (n=1)

[His] > [His]) 0.856  0.139  0.005

Fxon /T G/T G/G

12304497  TCTTGTC[G/T]TCAGGGG (Eg‘f‘j]erf 0001 @174 (=300 (n=4)

0837 0144 0019

[Asp])

ACACA /T C/T CIC
12017571 CCTTCTC[C/TITCCTCTT Intron 0202  (m=133)  (n=66)  (n=9)

0639 0317  0.043

C/C C/G G/G

12921368  TTACAGA[C/G]CTACTGG Intron 0202  (m=131) (=70)  (n=7)

0630 0337  0.034

A/A AT /T
19906044  CAGAATA[A/T]CTACTGC Intron 0349  (=87)  (n=97) (n=24)

0418 0466  0.115

12229416  GCTTTCA[A/C/GJATGAACA (Syn]gz;’gous 0.137 (nS{(SZS) (n(i/}% (Iz Z)
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[GIn] > [GIn]) 0.745 0236  0.019

C/C C/G G/G

rs1714987 CCCACCA[C/G]TGCCCCT Intron 0.180 m=139)  (n=63)  (n=6)
0.668 0.303 0.029

A/A A/G G/G
11266175  GAACACC[A/G]CCTGGGT Intron 0.389 (n=78)  (1=98)  (n=32)
0.375 0.471 0.154

A/A AT T

13815059  GAAATCA[A/T]JGAAATTT Intron 0.178 (m=140)  (n=62)  (n=6)
0.673 0298  0.029

1829165 AATTTGG[C/T]GATTGTT Intron near 0.123 (ngc&) (nc:/;r 1) (gg)
> UTR region 0.779 0.197  0.024

ASNP reference id from dbSNP Short Genetic Variations NCBI Reference Assembly.
®Gene sequence from dbSNP Short Genetic Variations NCBI Reference Assembly.
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Table 5.4 Frequencies of the genotypes according to the plasma TG response group.

Genes SNPS Responders Non-responders P-value®
ACLY A/A + A/G n=50 A/A +A/Gn=31
(34%) (52%)
rs8071753 0.02
G/G n=98 G/G n=29
(66%) (48%)
ACACA C/G + G/G n=61 C/G+G/Gn=16
(41%) (27%)
1s2921368 0.06
C/C n=87 C/C n=44
(59%) (73%)
C/G+ G/G n=55 C/G+G/Gn=14
(37%) (23%)
rs1714987 0.07
C/C n=93 C/C n=46
(63%) (77%)
A/T + T/T n=54 A/T +T/T n=14
(36%) (23%)
rs3815059 0.07
A/A n=94 A/A n=46
(64%) (77%)

ap_yalues from Fisher’s Exact Test.
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Table 5.5 The impact of SNPs on the plasma TG response after the intake of fish oil.

Genes SNPs Genotypes % change in TG P-value?
ACLY AJATA/G (n=81) 5.64-28.85
rs8071753 G/G 0.004
o127) 115.87423.10
Acaca G(/S;CQ/)G [18.91221.38
rs1714987 G 0.005
(0-139) 8.40+27.29
ACLY AJA+A/G (n=30) 2.27+32.10
rs8065502 G/G 0.02
-178) 13.51424.46
AcACA C(/f;cs/)T 723427.12
152017571 e 0.04
=133) 114.52424.92
ACACA T(/E:%/)T 116.31423.36
rs3815059 A 0.08
(n=140) 9.74+26.88
SREBFI T(f:g)T 7.25427.02
rs4925118 e 0.08
(1=140) 14.1425.15
AcACA Tg:;? 7.73428.14
152229416 o 0.20
(-155) 113.21425.04
AcAcA G(/S;S/)G 1148642231
152921368 o 0.23
=131 110.14427.74
ACLY G(/SZJ;%T 8.12425.44
152304497 o 036
174 1126342601
SREBFI AJA
(nd®) 8.09+27.30
A/G
112953299 (e 104) [14.42425.32 0.40
G/G
(156 110.4425.75
ACACA T(/E:L%T 114.53429.17
rs829165 e 0.47
(n-162) 11.14424.96
SREBFI AJA
rs4925115 (n=35) "7.24£25.18 0.57
A/G 112.84+26.47

154



(n=107)
G/G

() 112.80425.49
ACACA /T
(2 210.10426.38
159906044 AT 13.28423.54 0.82
(n=97)
A/A
S 110.83428.41
ACACA G/G
32) 9.61426.75
A/G
112.52425.30
rs1266175 (n=98) 0.90
A/A
12.04426.61
(n=78)

aP-values of the GLM models are adjusted for age, sex and BMI. P-values in bold were
considered as significant (<5.56 X 107).
Means = SD
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Figure 5.1 Linkage disequilibrium (LD) plots of tSNPs in genes involved in the de novo

lipogenesis pathway.
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c)
Linkage disequilibrium (LD) plots of tSNPs in genes involved in the de novo lipogenesis
pathway. A) SREBF1 gene B) ACLY gene and C) ACACA gene. LD plots were generated
by HaploView software version 4.2 using R? LD values.
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Chapitre 6
Des polymorphismes présents dans des génes impliqués dans la voie de la
béta-oxydation des acides gras interagissent avec les apports alimentaires
en gras et modulent la réponse des triglycérides plasmatiques suite a une

supplémentation en huile de poisson
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Résumé

Introduction : Une importante variabilit¢ interindividuelle dans la réponse des
triglycerides plasmatiques (TG) suite & une supplémentation en acides gras polyinsaturés
oméga-3 (AGPI n-3) a été observée. L’objectif était d’examiner les effets d’interaction
gene-dicte sur la réponse des concentrations de TG suite a une supplémentation en huile de
poisson entre des polymorphismes nucléotidiques simples (SNPs) présents dans des génes
impliqués dans la B-oxydation des acides gras et les apports alimentaires en gras.
Méthodes : Deux cent huit (208) participants ont été recrutés dans la région de Québec. Les
participants ont complété une supplémentation de six semaines en huile de poisson (5g
d’huile de poisson/jour : 1,9-2,2g d’AEP et 1,1g d’ADH). Les apports alimentaires en gras
ont été mesurés avec des journaux alimentaires de trois jours. Des SNPs présents dans les
genes RXRA, CPTIA, ACADVL, ACAA2, ABCD2, ACOXI and ACAAI ont été génotypés en
utilisant la méthodologie TAQMAN. Résultats : Des effets d’interaction gene-diete sur la
réponse des TG plasmatiques ont été observés pour certains SNPs des génes RXRA
(rs11185660, rs10881576 et rs12339187) et ACOXI (rs17583163). Pour rs11185660, les
changements dans les niveaux d’expression du géne RXRA étaient différents en fonction
des apports alimentaires en gras saturés pour les homozygotes T/T. Conclusion : Les effets
d’interaction geéne-die¢te entre des SNPs présents dans des genes impliqués dans la f-
oxydation des acides gras et les apports alimentaires en gras pourraient expliquer une partie
de la variabilité interindividuelle présente dans les concentrations de TG et dans la réponse

des concentrations de TG suite a une supplémentation en huile de poisson.
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Abstract

Introduction: A large inter-individual variability in the plasma triglyceride (TG)
response to an omega-3 polyunsaturated fatty acid (n-3 PUFA) supplementation has
been observed. The objective was to examine gene-diet interaction effects on the
plasma TG response after a fish oil supplementation, between single-nucleotide
polymorphisms (SNPs) within genes involved in fatty acid -oxidation and dietary fat
intakes. Methods: Two hundred and eight (208) participants were recruited in the
greater Quebec City area. The participants completed a six-week fish oil
supplementation (5 g fish oil/day: 1.9-2.2 g EPA and 1.1 g DHA). Dietary fat intakes
were measured using three-day food records. SNPs within RXRA, CPTIA, ACADVL,
ACAA2, ABCD2, ACOXI and ACAAI genes were genotyped using TAQMAN
methodology. Results: Gene-diet interaction effects on the plasma TG response were
observed for SNPs within RXRA (rs11185660, rs10881576 and rs12339187) and
ACOXI (rs17583163) genes. For rs11185660, fold changes in RXRA gene expression
levels were different depending on SFA intakes for homozygotes T/T. Conclusion:
Gene-diet interaction effects of SNPs within genes involved in fatty acid B-oxidation
and dietary fat intakes may be important in understanding the inter-individual
variability in plasma TG levels and in the plasma TG response to a fish oil

supplementation.
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Introduction

Plasma triglyceride (TG) level is an important risk factor for cardiovascular disease [1].
Twin studies have revealed that plasma TG levels are highly heritable (19%—72%) with
additive genetic effects accounting for around 40% of the variability observed [2,3]. The
environment also contributes for an important part of the variability observed. Proportions
of macronutrient intake have an impact on plasma TG levels. For example, high-fat/low-
carbohydrate isocaloric diets lead to a decrease in plasma TG levels compared to low-
fat/high-carbohydrate diets [4]. Polyunsaturated fats (PUFA), especially n-3 PUFA, have
been reported to have a beneficial impact on plasma TG levels [4,5]. At the opposite,
saturated fat (SFA) intakes seem to increase intrahepatic TG levels and plasma TG levels
[6,7]. Fabbrini et al. [8] have observed that very-low-density lipoprotein (VLDL) TG

secretion was almost doubled among obese individuals with high intrahepatic TG levels.

Following the intake of n-3 PUFA supplements, an important inter-individual variability
has been observed in the plasma TG response. Approximately 30% of the individuals do
not lower their plasma TG levels [9—11]. It has been observed that fish oil intake reduces
VLDL production with or without a concomitant increase in VLDL clearance [12]. An
increase in fatty acid B-oxidation via an increase in peroxisome proliferator-activated
receptor alpha (PPARA) gene expression induced by fish oil, may decrease fatty acid
availability for VLDL production [12,13]. PPARA forms a heterodimer with retinoid X
receptor alpha (RXRA) and regulates the activity of several genes involved in the fatty acid
metabolism [14]. In mitochondrial fatty acid B-oxidation, PPARA regulates genes such as
carnitine palmitoyltransferase 14 (CPT1A), acyl-CoA dehydrogenase (ACADVL) and acetyl-
CoA acyltransferase 2 (ACAA2) [14]. PPARA also regulates enzymes involved in
peroxisomal [B-oxidation such as ATP-binding cassette, sub-family (ALD), member 2
(ABCD2), acyl-CoA oxidase 1 (ACOXI) and acetyl-CoA acyltransferase 1 (ACAAI) [14—
16]. Single-nucleotide polymorphisms (SNPs) within these genes may have an impact on
the plasma TG lowering effects of fish oil. A few studies have observed associations with
plasma TG levels, coronary heart disease risk and metabolic syndrome with SNPs located

within RXRA gene [17-19]. A SNP within the CPTIA gene (rs80356779) was associated
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with high-density lipoprotein cholesterol (HDL-C) among Eskimos [20]. Interestingly, a
gene-diet interaction effect on BMI was observed with the polymorphism pA275T of the
CPTI1A gene [21].

It is possible that gene-diet interaction effects modulate the plasma TG response to fish oil.
The objective of this study is to examine the effects of SNPs within RXRA, CPTIA,
ACADVL, ACAA2, ABCD2, ACOXI and ACAAI genes, dietary fat intakes and gene-diet
interaction effects on the plasma TG response to fish oil. Gene-diet interaction effects with

RXRA and ACOX1I genes were observed on the plasma TG response to fish oil intake.
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Methods

Participants

A total of 254 subjects were recruited between September 2009 and December 2011 from
the greater Quebec City metropolitan area through advertisements in local newspapers as
well as by electronic messages sent to university students/employees. To be eligible,
subjects had to be non-smokers and free of any thyroid or metabolic disorders requiring
treatment such as diabetes, hypertension, severe dyslipidemia, and coronary heart disease.
Participants had to be aged between 18 and 50 years with a BMI between 25 and 40 kg/m?.
Subjects were excluded if they had taken n-3 PUFA supplements within 6 months prior to
the study. A total of 210 subjects completed the n-3 PUFA supplementation period.
However, TG levels were available for 208 participants, thus the analyses were conducted
on 208 participants. The experimental protocol was approved by the ethics committees of
Laval University Hospital Research Center and Laval University. This trial was registered

at clinicaltrials.gov as NCT(01343342.

Study Design and Diets

Subjects followed a run-in period of two weeks. Individual dietary instructions were given
by a trained dietitian to achieve the recommendation from Canada’s Food Guide. Subjects
were asked to follow these dietary recommendations and stably maintain their body weight
throughout the protocol. Some specifications were given regarding the n-3 PUFA dietary
intakes: not to exceed two fish or seafood servings per week, prefer white flesh fishes
instead of fatty fishes (examples were given) and avoid enriched »n-3 PUFA dietary
products such as some milks, juices, breads and eggs. Subjects were also told to limit their
alcohol consumption during the protocol; two regular drinks per week were allowed. In
addition, subjects were not allowed to take n-3 PUFA supplements (such as flaxseed),

vitamins or natural health products during the protocol.

After the 2-week run-in, each participant received a bottle containing the n-3 PUFA

capsules for the next six weeks. They were instructed to take five (1 g oil each) capsules per
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day (Ocean Nutrition, Dartmouth, NS, Canada), providing a total of 5 g of fish oil (1.9-2.2
g EPA and 1.1 g DHA) per day. Capsules were provided in sufficient quantity for six
weeks. Compliance was assessed from the return of bottles. Subjects were asked to report
any deviation during the protocol and to write down their alcohol and fish consumption as
well as any side effects. Before each phase, subjects received detailed written and oral

instructions on their diet.

Subjects completed two 3-day food records (pre- and post- n-3 PUFA supplementation
period). Dietary data included both foods and beverages consumed at home and outside. A
dietitian provided instructions on how to complete the food record with some examples and
a written copy of these examples. All foods and beverages consumed on two representative
weekdays and one weekend day were weighed or estimated and recorded in food diaries.
Dietary intake data were analyzed using Nutrition Data System for Research software
version 2011 developed by the Nutrition Coordinating Center (NCC), University of
Minnesota, Minneapolis, MN, USA.

Anthropometric Measurements

Body weight, height, and waist girth were measured according to the procedures
recommended by the Airlie Conference [22] and were taken before the run-in period, as
well as pre- and post- fish oil supplementation. BMI was calculated as weight per meter

squared (kg/m?).

Biochemical Parameters

The morning after a 12-h overnight fast and 48-h alcohol abstinence, blood samples were
collected from an antecubital vein into vacutainer tubes containing EDTA. Blood samples
were used to identify individuals with metabolic disorders, which were excluded. Plasma
was separated by centrifugation (2500% g for 10 min at 4 °C), samples were aliquoted and
frozen for subsequent analyses. Plasma total cholesterol (TC) and TG were measured using
enzymatic assays [23,24]. Infranatant (d > 1.006 g/mL) with heparin-manganese chloride
was used to precipitate VLDL and low-density lipoprotein (LDL) and then determine HDL-
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C [25]. The equation of Friedewald was used to estimate LDL-cholesterol (LDL-C) levels
[26]. Non-HDL-C was calculated by subtracting HDL-C from TC. Plasma apolipoprotein
B-100 (apoB) concentrations were measured by the rocket immunoelectrophoretic method

of Laurell, as previously described [27].

SNPs Selection and Genotyping

Genetic analyses were performed on genomic DNA isolated from human leukocytes. DNA
was extracted from 200 pL of buffy coat using the GenElute™ Blood Genomic DNA Kit
(Sigma-Aldrich, St. Louis, MO, USA). Spectrophotometric quantification was realised with
NanoDrop 2000C UV-Vis Spectrophotometer (Thermo Scientific, Waltham, MA, USA).
SNPs were selected with the International HapMap Project SNP database (HapMap Data
Rel 28 Phase II + III, August 10, on National Center for Biotechnology Information
(NCBI) B36 assembly, dbSNP b126). Tag SNPs (tSNPs) were determined with the tagger
procedure in HaploView software version 4.2 with minor allele frequency (MAF) of >0.05
and pairwise tagging R* > 0.80. For each gene a minimum of 85% of the most common
SNPs had to be captured by tSNPs. Additionally, tSNPs were prioritized according to the
following criteria: (1) known SNPs from the literature; (2) SNPs within coding regions
(exon); (3) SNPs within the promoter region (2500 bp before the start codon); (4) SNPs
within 3° UTR region (500 bp after the stop codon) and (5) SNPs within 100 bp before an
exon-intron splicing boundaries. Afterwards, as shown in Figures 6.1 and 6.2 and
Supplementary Figures 6.S1-6.S4, linkage disequilibrium (LD) plots were generated with
Haploview software version 4.2. All tSNPs within RXRA, CPTIA, ACADVL, ACAA2,
ABCD2, ACOXI and ACAAI genes were genotyped with the TAQMAN methodology [28],

as described previously [11].

Gene Expression Assessment

Blood samples (pre- and post- supplementation) were collected into an 8-mL Cell
Preparation Tube (CPT) (Becton Dickinson, Oakville, ON, Canada). Peripheral blood
mononuclear cells (PBMCs) were separated by centrifugation (1500 g, 20 min, at room

temperature) and washed according to the manufacturer’s instructions. Total RNA was

169



extracted with RNeasy Plus Mini Kit (QIAGEN, Mississauga, ON, Canada) according to
manufacturer’s protocol. Spectrophotometric quantification was realised with NanoDrop
2000C UV-Vis Spectrophotometer (Thermo Scientific, Waltham, MA, USA) and cDNA
was generated using 400 ng of total RNA with the High Capacity ¢cDNA Reverse
Transcription Kit (Life Technologies™, Carlsbad, CA, USA). cDNA was mixed with
TagMan OpenArray® Real-Time PCR Master Mix (#4462164, Life Technologies™,
Carlsbad, CA, USA). The assays used were as follows: Hs01067636 m1 (NM_002957.4)
(RXRA), Hs00912671 m1 (NM_001031847.2, NM_001876.3) (CPT1A4), Hs00825606 gl
(NM_000018.3, NM _001033859.2, NM 001270447.1, NM 001270448.1) (ACADVL),
Hs01557254 m1 (NM_006111.2) (4CAA2), Hs00193054 m1 (NM_005164.3) (ABCD?2),
Hs01074241 m1 (NM _001185039.1, NM_004035.6, NM 007292.5) (ACOXI) and
Hs01576070 m1 (NM_001607.3, NR_024024.1) (4CAAI), and GAPDH Hs99999905 m1
as the housekeeping gene. All assays used the same fluorescent reporter probe (FAM dye
labeled). All samples were run in triplicate on a QuantStudio™ 12K Flex Real-Time PCR
(RT-PCR) System (Life Technologies™, Carlsbad, CA, USA) using 48-well plates
TagMan® OpenArray® RT PCR Inventoried Format 18 (Life Technologies™, Carlsbad,
CA, USA). The RT-PCR results were analysed with ExpressionSuite software v1.0.1 (Life
Technologies™, Carlsbad, CA, USA).

Statistical Analyses

Hardy-Weinberg equilibrium was tested with the ALLELE procedure of SAS [29] version
9.3 using Fisher’s exact test (p < 0.01). When the genotype frequency for homozygotes of
the minor allele was <5%, carriers (heterozygotes and homozygotes) of the minor allele

were grouped in order to have appropriate statistical power.

Variables abnormally distributed were logarithmically transformed. Paired #-test were
computed to detect differences in macronutrient intake (expressed as a proportion of energy
intake) between pre- and post-supplementation values. To test the impact of dietary fat
intake on the response of plasma TG to fish oil supplementation (relative difference: (post-

supplementation plasma TG minus pre-supplementation plasma TG/pre-supplementation
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plasma TG) x 100), subjects were divided on the basis of fat intake (%), including the fish
oil supplement using the median value as a cut-off point. Subjects having an intake lower
or equal to the median value were considered as having “low” intakes and subjects having
an intake higher than the median value were considered as having “high” intakes of dietary

fat.

Differences in the plasma TG response were tested using analyses of variance with the
GLM procedure in SAS and the type 3 sum of squares for unbalanced study design. To take
into account the possible gene-diet interaction effects, the interaction term was added in the
model (SNPxdietary fat intake) (adjusted for age, sex and BMI). In this model, dietary fat
intakes were included as continuous variables. Statistical analyses related to relative gene
expression levels were conducted using the 2724CT for the gene expression response as
described by Livak et al. [30,31], separately by genotype according to dietary fat intake
group. Pearson correlations were performed to observe associations between the gene
expression response and the plasma TG response. Since polymorphisms tested in complex
diseases rarely account for a large amount of variance, characterized by very low p-values
(p < 0.001), we decided to present the results before correction for multiple testing and
using a p-value < 0.05. All statistical analyses were performed using SAS statistical

software version 9.3 [29].
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Results

Characteristics of the Study Population, Genetic Variants and Dietary Intakes

Descriptive characteristics of the study participants are shown in Table 6.1. All tSNPs were
in Hardy-Weinberg equilibrium. The selected tSNPs from Haploview software are
presented in Figures 6.1 and 6.2 and supplementary material and the genetic information
for each tSNP are shown in Table 6.2. For RXRA gene, 12 tSNPs covered 85% of the
known genetic variability, for CPT1A4 gene, 9 tSNPs covered 85%, for ACADVL gene, 1
tSNP covered 100%, for ACAA2 gene, 6 tSNPs covered 87%, for ABCD2 gene, 8 tSNPs
covered 85%, for ACOXI gene, 8 tSNPs covered 88% and for ACAAI gene, 3 tSNPs

covered 83%.

Comparisons of dietary intakes pre- and post-supplementation are presented in Table 6.3.
Briefly, proportions of the macronutrients remained mainly similar when considering
dietary intakes expressed as a proportion of energy intake without taking into account n-3
PUFA supplements. However, when taking into account n-3 PUFA supplements,
participants slightly decreased their carbohydrate intake (—1.9%) and SFA intakes (—0.8%)
and increased their total fat (+2.7%) and PUFA intakes (+1.1%) (p = 0.0009, p = 0.001, p <
0.0001 and p < 0.0001, respectively). Protein and MUFA intakes remained similar (p =
0.12 and p = 0.65, respectively).

Associations between Dietary Fat Intakes and the Plasma TG Response

When observing the impact of dietary fat consumption on the plasma TG response (%) to a
fish oil supplementation, a trend was observed only for SFA intake (p = 0.08) (adjusted for
age, sex and BMI) (high SFA > 10.48% and low SFA < 10.48%). Individuals with high
SFA intakes had a smaller relative decrease in plasma TG levels following the intake of
fish oil than individuals with low SFA intake (—8.77% % 25.56% compared to —15.01% =+
26.01%). No significant differences were observed between SFA intake groups and

baseline plasma TG levels (p = 0.76).
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Associations between tSNPs, Relative Gene Expression Levels and the Plasma TG
Response Following Fish Oil Supplementation

None of the tSNPs were associated with the plasma TG response. When observing the fold
change gene expression in response to the fish oil supplementation (using the 2724¢T), fold
change in gene expression levels of CPT1A were inversely related to the relative delta TG
(r = —0.15, p = 0.03). These results suggest that a greater increase in CPT/A4A gene
expression was associated with a more important reduction in plasma TG following the

intake of fish oil. No relationships were observed for the other genes (data not shown).

Gene-Diet Interaction Effects on the Plasma TG Response and on the Gene Expression
Response Following Fish Oil Supplementation

Significant gene-diet interaction effects on the plasma TG response are presented in Table
6.4. Briefly, one tSNP (rs11185660) within RXRA gene interacted with total fat intakes,
three tSNPs (rs10881576, rs12339187 and rs11185660) within RXRA gene interacted with
SFA intakes and one tSNP (rs17583163) within ACOXI gene interacted with PUFA intakes
to affect the plasma TG response. Figure 6.3 illustrates the interaction effect on the plasma
TG response according to genotype and dietary fat intake group (low or high). Briefly, for
the tSNP rs11185660, C/C homozygotes with high SFA intakes (a trend was also observed
for total fat intakes) increased their plasma TG levels following the intake of fish oil
whereas those with low SFA intakes decreased their plasma TG levels. Among C/T
heterozygotes and T/T homozygotes, the decrease in plasma TG levels following the n-3
PUFA supplementation was comparable with either a high or a low SFA intake. For the
tSNP rs12339187, carriers of the minor G allele with low SFA intakes had a greater
decrease in plasma TG levels compared to carriers of the G allele with high SFA intakes or

to A/A homozygotes with high or low SFA intakes.

None of the gene interaction effect had an impact on gene expression response following
the fish oil supplementation. However, when participants were first stratified on the basis of

dietary fat intakes and then on the basis of the genotype a few differences were observed.
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As shown in Table 6.5, the fold change in RXRA gene expression levels due to the fish oil
supplementation was different for T/T homozygotes of rs11185660. For this genotype,
individuals with high total fat intakes had a mean fold change due to the fish oil
supplementation of —1.08 (post-compared to pre-supplementation) compared to a mean fold
change of 1.05 for individuals with low total fat intakes (p = 0.01). No significant
differences were observed for C/C and C/T genotypes (p = 0.52 and p = 0.86, respectively).
For the tSNP rs12339187, a trend was observed for A/A homozygotes (p = 0.06). For these
individuals, when SFA intakes were high, RXRA gene expression levels slightly decreased

with the fish oil supplementation and increased with low SFA intakes.
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Discussion

Macronutrient intakes before the fish oil supplementation were comparable to intakes
reported among Canada’s population [32,33]. During this study, macronutrient intakes
remained mostly constant. However, participants spontancously reduced their energy
intakes which may be related to the reduction observed in the intake of carbohydrates. The
intake of DHA has been associated with reductions in energy intake among free living
healthy men [34]. This effect was explained by an increase in the release of appetite
hormone cholecystokinin [34]. This spontaneous reduction in energy intakes could also be
caused by the Hawthorne effect, which involves that participants reduced their energy

intakes only by knowing that they were in a study [35].

Among factors modulating the plasma TG response to fish oil intake, SFA intakes may be
an important factor. The relative decrease in plasma TG levels of individuals with high
SFA intakes was almost reduced by half compared to individuals with low SFA intakes
(—9% compared to —15%). Moreover, there were no differences in baseline plasma TG
levels between SFA intake groups. As mentioned previously, high SFA intakes increase
intrahepatic TG levels which could enhance hepatic VLDL-TG secretion [6—8]. Contrary to
PUFA, SFA increases the activity of hepatic nuclear factor 4-o. (HNF4A4) which is a
transcription factor acting as a homodimer to activate several hepatic genes encoding
apolipoproteins, including apoB [36,37]. It has been also observed that a diet high in SFA
increases plasma TG levels possibly via an increase in apolipoprotein C-III gene (APOC3)
mediated by HNF4A gene [37]. Globally, the impacts of SFA on the regulation of lipid
metabolism could partly counteract the plasma TG lowering effects of n-3 PUFA which

could lead to smaller decreases after the intake of fish oil, as observed in this study.

Following fish oil intake, only the genetic variability within RXRA and ACOXI genes
seemed to be associated with differences in the plasma TG response (using the relative
difference in plasma TG between post-supplementation and pre-supplementation). The
impact of the presence of these intronic SNPs is unknown. However, gene expression levels

tended to be different according to the genotype for two of these SNPs depending on
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dietary fat intakes. Intronic SNPs could also be in LD with other functional SNPs or
depending on splicing events, some of these SNPs may be in translated regions. The
modulation of the activity of genes or encoded enzymes related to fatty acid B-oxidation
may modulate fatty acid availability for VLDL-TG hepatic production, therefore
contributing to modulate plasma TG levels [7,38,39]. The protein encoded by RXRA gene
forms a heterodimer with PPARA transcription factor and affects the expression of many
genes involved in fatty acid B-oxidation [40]. Fatty acids have been shown to be natural
PPARA ligands [41]. Both SFA and unsaturated fatty acids are able to bind with PPARA,
but long-chain n-3 PUFAs seem to be the most potent activators [41]. Moreover, RXRA
may bind other transcription factors or act as a homodimer on other pathways, which could
also have an impact on lipid metabolism [40]. A few studies have reported associations
with SNPs or haplotypes within RXRA gene with plasma TG levels or the metabolic
syndrome [17,19]. In this study, a few SNPs within RXRA gene interacted with dietary fats
and were associated with the plasma TG response following fish oil intake (rs11185660,
rs10881576 and rs12339187). Peloso ef al. [18] have observed a decreased risk of having
low HDL-C and coronary artery disease among carriers of the minor C allele compared to
homozygotes T/T of rs11185660. However, dietary fat intakes were not taken into account.
In this study, the T/T genotype of rs11185660 depending on dietary fat intakes was also
associated with differences in gene expression levels following fish oil intake. ACOXI gene
encodes for the first enzyme in peroxisomal fatty acid B-oxidation and is regulated by the
PPARA transcription factor [42]. To our knowledge, none of the SNPs within the ACOX1
gene have been studied in the context of lipid metabolism. One gene-diet interaction effect
on the plasma TG response was observed with rs17583163 and PUFA intakes. Dietary fish
oil has been shown to induce ACOXI gene expression in the liver, skeletal muscle and heart
[43] which was not observed in this study (data not shown). Various transcripts have been
reported for this gene that are likely to be differently regulated by PUFA intakes and
possibly explaining the lack of association in the present study with an assay targeting three
transcripts. Alternatively, the impact of dietary fish oil may be dependent on the intake of

other dietary lipids and genetic variants.
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The CPT1A gene encodes for an essential transporter required for the initiation of fatty acid
B-oxidation in the mitochondria [44]. In this study, a greater increase in CPTIA relative
gene expression levels following the intake of fish oil was associated with a more important
reduction in plasma TG levels. CPTIA gene expression levels have been previously
reported to increase following the intake of n-3 PUFA [45,46]. Radler et al. [46] have
observed that the intake of a yogurt composed of n-3 PUFA, polyphenols and L-carnitine
induced CPT1A gene expression among overweight moderately hyperlipidemic individuals.
However, in this study mean CPT1A4 gene expression levels remained unchanged following
the intake of fish oil (data not shown). This may be attributable to the healthy status of the
study participants which could lead to too subtle differences in gene expression levels to be

detected.

In this study, the presence of certain SNPs within genes involved in fatty acid B-oxidation
depending on dietary fat intakes modulated the plasma TG response following fish oil
intake. Because of the potentially small impacts of the gene-diet interaction effects among
healthy individuals on the plasma TG response following fish oil, data was shown before
correction for multiple testing. However, this could lead to false positive results. Thus,
these results need to be replicated in order to properly determine relevant gene-diet

interaction effects.
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Conclusion

Globally, gene-diet interaction effects with RXRA and ACOXI genes were observed on the
plasma TG response to fish oil intake. An increase in CPTIA gene expression was
associated with a more important decrease in plasma TG levels. Moreover, higher SFA
intakes tended to decrease the plasma TG response to fish oil. In conclusion, these results
indicate that gene-diet interaction effects may modulate the response of plasma TG levels
to fish oil intake, and contribute to the explanation of the inter-individual variability

observed.
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Table 6.1 Descriptive characteristics of the study cohort.

Men

Women

. N %
Variables (n = 96) (n=112) Means = SD
Age (years) 31.2+8.1 30.5+9.2 30.8+ 8.7
BMI (kg/m?) 27.5+3.6 282 +3.8 27.8+3.7
Waist circumference (cm) 949+ 11.0 92.0+10.4 93.3+10.8
Systolic blood pressure 106.79 = 13.29 112.03 £ 13.64
(mmHg) 118.09+11.40 (=111 (n=207)
Diastolic blood pressure 68.68 +9.19 69.54 £9.19
+
(mmHg) 70.53£9.13 (n=111) (n=207)
Fasting glucose (mmol/L) 5.09+0.44 4.83 £0.56 4(.1?15::28.85)2
N . 79.50 +£32.19 82.51 +£35.61
+
Fasting insulin (pmol/L) (n = 94) 85.04 = 38.20 (n =206)
Total-C (mmol/L) 4.80 +0.99 4.83 +1.02 4.82+1.01
2.91 +0.87 2.79 +0.87
LDL-C (mmol/L) (n=95) 2.70 £ 0.86 (n=207)
HDL-C (mmol/L) 1.29 +0.31 1.61 +0.39 1.46 +£0.39
Triglycerides (mmol/L) 1.32+0.74 1.15+0.53 1.23 +£0.64
0.89+0.25 0.86 +0.25
+
ApoB (g/L) (n=95) 0.84 +0.25 (n=207)

*Mean =+ standard deviation (SD).
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Table 6.2 The selected single-nucleotide polymorphisms within RXRA, CPTIA, ACADVL, ABCD2, ACOXI and ACAAI genes.

Genes dbSNP No ! Sequence ° Position MAF Genotype Frequency
Cc/C C/T T/T
rs10881576 GCGGGTG[C/T]GGACCGC Intron 0.28 (n=106) (n=86)  (n=16)
0.510 0.414 0.077
G/G C/G C/C
1s7871655 CAGAATT[C/G]CGGGTGA Intron 0.26 (n=110) (=87 (n=11)
0.529 0.418 0.053
A/A A/G G/G
rs12339187 GGACCAG[A/G]TGTTTTA Intron 0.17 (n=143)  (n=60) (n=5)
0.688 0.289 0.024
T/T C/T C/C
rs11185660 CTGTGTC[C/TICTGGAGA Intron 0.27 (n=109) (n=87) (n=12)
0.524 0.418 0.058
A/A A/T T/T
rs11103473 TCTCTCC[A/T]AACTATT Intron 0.36 (n=81) (n=105 (n=22)
0.389 0.505 0.106
C/C C/T T/T
RXRA rs10776909 GTGGGGA[C/T]TTTGAGT Intron 0.23 (n=120)  (n=280) (n=8)
0.577 0.385 0.039
G/G G/T T/T
rs12004589 GCTCCCT[G/T]CATGGCC Intron 0.08 (n=178)  (n=28) (n=2)
0.856 0.135 0.010
Cc/C C/T T/T
rs3132301 TGCTGAG[C/T]CCCCCAG Intron 0.22 (n=125)  (n=176) (n=17)
0.601 0.365 0.034
A/A A/C C/C
rs1805352 ATAGGGA[A/C]AAACCTG Intron 0.31 n=97) (n=95  (n=16)
0.466 0.457 0.077
G/G A/G A/A
rs3132294 GAACACT[A/G]TGAACCG Intron 0.23 n=121) (=77  (n=10)
0.582 0.370 0.048
A/A A/G G/G
rs1805343 CTTGCCC[A/G]GCCCTCA Intron 0.37 n=85  (n=93)  (n=30)
0.409 0.447 0.144
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GG G/IT T
1$1045570 CGTGGCC[GITICAGGTGC 3UTR 016  (n=146) (1=57)  (n=5)
0.702 0274 0.024
CIC CIT T
13019598 GTGCCCC[C/TIGTTACCT Intron 0.35 (n=88) (=93 (n=27)
0.423 0.447 0.130
CPTIA CIC C/G G/G
15897048 GCTGTCA[C/GIACCGGGC Intron 019 (=134 (=68  (n=6)
0.644 0.327 0.029
cIC A/C AA
157942147 GGACACC[A/CITGTGGCA Intron 0.16 (n=144)  (1=60) (n=4)
0.692 0289 0019
T CIT CIC
14930248 TCAGGGT[C/TIGCTTTGG Intron 0.44 (n=62) (n=108) (n=38)
0.298 0519 0183
ciC CIT T
111228364 CTTCGAG[C/TIGCAGATC Intron 0.10 (n=169) (1=36) (n=3)
0.813 0173 0014
GG AG AA
rs11228368 CCAGAAG[A/G]GGGCACA Intron 0.50 (=52  (n=105) (n=5I)
0.250 0505 0245
T CIT cIC
1$10896371 CTCGTTC[C/TICACAAAT Intron 0.14 (n=153)  (=51) (n=4)
0.736 0245 0019
cic CIT T
1$1017640 CTGGCCA[C/TIGTAATCA Intron 0.10 (n=169) (=37 (n=2)
0.813 0178 0.010
cIC AIC AA
1613084 TTCAGTG[A/C]CACACCC Intron 0.35 (1=89)  (n=93) (n=26)
0.428 0447 0125
AA AG G/G
ACADVL 12017365 GGCACAT[A/G]GTCTCTG NearGene-5 0.38 (n=81) (=96  (n=31)
0.389 0.462 0.149
T CIT cIC
i 15529556 ACTTTTT[C/TIAGGACTC Intron 0.43 (n=76) (=85  (n=47)
0.365 0.409 0.226
1510502901 AAGCTAA[A/TICTGTGTG Tntron 0.06 T AT AA
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(n=184) (=24 _ (n=0)
0.885 0.115 0.000
A/A A/G G/G
15631536 ATTGACT[A/GITGGTTAC Intron 0.14 (n=150) (1=56)  (n=2)
0.721 0.269 0.010
cic T /T
151942421 CTGTTCT[C/T]TCTTAAC Intron 0.36 (n=91) (n=84) (n=33)
0.438 0.404 0.159
A/A AT /T
12276168 AGTATCA[A/TICACAAGG Intron 0.23 (n=128) (n=66)  (n=14)
0.615 0.317 0.067
A/A A/G G/G
157237253 CCTTATA[A/G]TCATATT 3'UTR 0.10 (n=170) (1=36)  (n=2)
0.817 0.173 0.010
G/G A/G A/G
ABCD?2 1s4072006 GAGAATG[A/GICTAGAGG NearGene-5 0.13 (n=159) (n=46)  (n=3)
0.764 0.221 0.014
c/C T /T
rs10877201 CTATAAT[C/T]CTTTAAC Intron 020  (n=132) (1=68)  (n=8)
0.635 0.327 0.039
A/A A/G G/G
rs12582802 GAGGTTT[A/G]TTTCCAA Intron 006  (n=186) (=21)  (n=1)
0.894 0.101 0.005
G/G A/G A/A
rs4294600 ACTAAAT[A/GITCACTCA 3UTR 012 (n=161) (=44  (n=3)
0.774 0212 0.014
/T /T c/C
rs11172696 AGGGAAA[C/TIATTGTAT Intron 008  (m=177) (=29 (n=2)
0.851 0.139 0.010
/T T c/C
rs10877173 ACAAGTT[C/T]GGCTTTT Intron 007  (n=184) (n=21)  (n=3)
0.885 0.101 0.014
G/G A/G A/A
rs7133376 GGTAAAG[A/GITGTATGA Intron 020  (=132) (n=67)  (n=9)
0.635 0.322 0.043
1S7968837 ATATTAA[A/C]TTTACCA 3'UTR 027 . < 1Co9) (nA:/ (é 6 (nA:/ ’?3)
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0.524 0.414 0.063
C/C C/T T/T
rs10852766 AAGAAAG[C/T]GCTCAGT Intron 0.43 (n="174) (n=90) (n=44)
0.356 0.433 0.212
A/A A/G G/G
rs3744033 GCCTTCA[A/G]GGAGAAG Intron 0.17 (n=142) (n=1060) (n=06)
0.683 0.289 0.029
C/C C/T T/T
rs12430 TCCCAGA[C/T]GTAGCAC 3'UTR 0.11 (n=165) (n=39) (n=4)
0.793 0.188 0.019
A/A A/G G/G
rs8065144 AAGCCTC[A/G]JAAAATGG Intron 0.36 (n=289) (n=90) (n=29)
0.428 0.433 0.139
Acoxi c/C 0 /T
rs11651351 CTATTGC[C/T]GATCTCC Intron 0.05 (n=188) (n=20) (n=0)
0.904 0.096 0.000
T/T C/T c/C
rs3643 GTAGTTT[C/T]GCTTACC 3'UTR 0.12 (n=166) (n=36) (n=06)
0.798 0.173 0.029
Cc/C C/T T/T
rs7213998 TCTGAAA[C/T]GTCAGAG Intron 0.11 (n=169) (n=134) (n=15)
0.813 0.164 0.024
T/T C/T Cc/C
rs17583163 GATTTCC[C/T]ICTGATGA Intron 0.08 (n=176) (n=31) n=1)
0.846 0.149 0.005
T/T A/T A/A
rs5875 TACCATG[A/T]CATCAGT 3'UTR 0.14 (n=155) (n=48) (n=15)
0.745 0.231 0.024
C/C C/T T/T
ACAAI rs2239621 CCTTCTA[C/T]TCCTATG Intron 0.32 (n=97) (n=90) (n=21)
0.466 0.433 0.101
Exon (missense c/e c/G G/G
rs156265 TGGCCTT[C/G]TCCTTCT Glu—Asp) 0.16 (n=149) (n=53) (n=06)
0.716 0.255 0.029

ISNP reference id from dbSNP Short Genetic Variations NCBI Reference Assembly; > Gene sequence from dbSNP Short
Genetic Variations NCBI Reference Assembly.
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Table 6.3 Dietary intakes pre-supplementation and post-supplementation.

Pre-Supplementation Post-Supplementation If-Value p -Yalue
(n = 207) (n = 208) (Without n-3 (With n-3
. n n PUFA) * PUFA) *
Dietary Intakes Without n-3
Without n-3 PUFA 'PUFA. With n-3 PUFA
Supplements Supplements Supplements
Energy (kcal) 2273 £ 590 2144 + 566 2186 + 566 <0.0001 0.006
(Co/agb"hydrate 50.5+7.2 494477 48.6+7.8 <0.05 0.0009
0
Protein (%) 17.4 £3.3 (n=206) 17.5+3.4 17.0+3.2 0.66 0.12
Total fat (%) 32.6+6.0 33.3+64 353+6.3 0.15 <0.0001
SFA (%) 11.2+3.6 11.5+£3.3 10.4+3.0 0.13 0.001
MUFA (%) 11.9+2.8 12.0+£3.2 12.0+£3.3 0.45 0.65
PUFA (%) 59+2.0 5.8+2.1 7.0+2.1 0.56 <0.0001

*p-Values provided by a paired #-test.
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Table 6.4 Gene-diet interaction effects on the plasma TG response.

. P .
Gene tSNP Genotype b (Interaclt ton P Genotype? Dietary Fat P Interacglon
Term) ) Effect
Intake
Total fat intakes (%)
C/C 3.70 £ 1.16
RXRA rs11185660 C/T 1.02 +£0.61 0.004 0.0009 0.004
T/T 0
Saturated fat intakes (%)
T/T 8.52+2.61
rs10881576 C/T 1.84+1.21 0.007 0.0004 0.004
C/C 0
RXRA 1512339187 AG+ GIG 3:20£1.25 0.02 0.005 0.01
A/A 0
C/C 9.39+£2.66
rs11185660 C/T 1.69 +1.23 0.003 <0.0001 0.002
T/T 0
Polyunsaturated fat intakes (%)
ACOXI 1517583163 C/ CTTTC/ T 6.7 o 2.34 0.02 0.09 0.004

"Homozygotes for the major allele is the reference group; > p-values were determined with an ANOVA using dietary fat intakes

as continuous values adjusted for age, sex and BML
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Table 6.5 Gene expression response according to dietary fat intake and genotype.

Total Fat Intake ! 5

Gene SNP Genotype Low (<35.23%) High (>35.23%) p
C/C 1.12-fold (n = 7) —1.14-fold (n = 5) 0.52
RXRA rs11185660 C/T ~1.05-fold (n = 43) ~1.04-fold (n = 44) 0.86
T/T 1.05-fold (n = 54) —1.08-fold (1 = 53) 0.01
Saturated Fat Intake ' 5

Gene SNP Genotype Low (<10.48%) High (>10.48%) P
A/G +GIG —1.07-fold (n = 29) —1.05-fold (n = 36) 0.92
RXRA rs12339187 A/A 1.04-fold (n = 74) —1.06-fold (n = 67) 0.06

' The fold change represents post-supplementation relative ‘gene expression levels compared to pre-supplementation relative gene
expression levels. Fold change = 2 4ACT = 2 (post-supplementation ACT-pre-supplementation ACT). 2 1, yalyes were calculated with an ANOVA

adjusted for age, sex and BMI.
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Figure 6.1 LD plot of RXRA gene.
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Figure 6.2 LD plot of ACOX]I gene.
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Figure 6.3 The plasma TG response following fish oil intake according to genotype of

RXRA gene and dietary fat intakes.
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Supplementary Information

Figure 6.S1 LD plot of CPT1A4 gene.
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Figure 6.S2 LD plot of ACAA2 gene.
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Figure 6.S3 LD plot of ABCD?2 gene.
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Figure 6.S4 LD plot of ACAAI gene.
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Résumé

Introduction : Une importante variabilit¢ interindividuelle dans la réponse des
triglycérides plasmatiques (TG) suite a une supplémentation en huile de poisson a été
observée. Objectif : Etudier les effets d’interaction géne-diéte entre des polymorphismes
nucléotidiques simples (SNPs) présents dans le géne de la glucokinase (GCK) et les apports
alimentaires en glucides. Méthodes : Deux cent huit participants ont été recrutés dans la
région de Québec. Les participants ont complété une supplémentation de 6 semaines en
huile de poisson (5g d’huile de poisson/jour : 1,9-2,2g AEP et 1,1g ADH). Treize SNPs
présents dans le géne GCK ont été génotypés en utilisant la méthodologie TAQMAN.
Résultats : Un effet d’interaction géne-di¢te sur la réponse des TG plasmatiques a été
observé avec le SNP rs741038 et les apports en glucides ajusté pour 1’age, le sexe et 'IMC
(p=0,008). Afin de comparer la réponse des TG plasmatiques entre les génotypes et en
fonction des apports alimentaires en glucides, les participants ont été divisés selon leur
apport médian en glucides. Les homozygotes pour 1’alléle mineure C du SNP rs741038 qui
consommaient des apports €levés en glucides >48,59% avaient une plus grande diminution
dans les concentrations de TG plasmatiques que les homozygotes C/C qui avaient de faibles
apport en glucides (<0,05) et également que les autres génotypes peu importe leur
consommation de glucides. Conclusion: La réponse des TG plasmatiques a une
supplémentation en huile de poisson pourrait étre modulée par des effets d’interaction gene-

diete impliquant le géne GCK et les apports alimentaires en glucides.
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Abstract

Introduction: A large inter-individual variability in the plasma triglyceride (TG) response
to fish oil consumption has been observed. Objective: To investigate the gene-diet
interaction effects between single-nucleotide polymorphisms (SNPs) within glucokinase
(GCK) gene and dietary carbohydrate intakes (CHO) on the plasma TG response to a fish
oil supplementation. Methods: Two hundred and eight participants were recruited in the
greater Quebec City area. The participants completed a 6-week fish oil supplementation (5g
fish oil/day: 1.9-2.2g EPA and 1.1g DHA). Thirteen SNPs within GCK gene were
genotyped using TAQMAN methodology. Results: A gene-diet interaction effect on the
plasma TG response was observed with rs741038 and CHO adjusted for age, sex and BMI
(p=0.008). In order to compare the plasma TG response between genotypes according to
CHO, participants were divided according to median CHO. Homozygotes of the minor C
allele of rs741038 with high CHO >48.59% had a greater decrease in their plasma TG
concentrations following the intake of fish oil (p<0.05) than C/C homozygotes with low
CHO and also than the other genotypes either with high or low CHO. Conclusion: The
plasma TG response to a fish oil supplementation may be modulated by gene-diet

interaction effects involving GCK gene and CHO.
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Introduction

Glucokinase (GCK) gene encodes for GCK or hexokinase type IV which phosphorylates
glucose to glucose-6-phosphate (Massa et al. 2011). GCK gene is expressed mainly in the
liver and in pancreatic beta cells but also in neurons, the pituitary and the entero-endocrine
K and L cells (Massa et al. 2011). GCK has a glucose-sensor role and regulates glucose
disposal towards glycogenesis and TG synthesis (Iynedjian 2009). It is partly regulated by
GCKR which forms an inhibitory complex with GCK at low glucose concentrations
because of its binding with fructose-6-phosphate (Choi et al. 2013). At high glucose
concentrations such as after a meal high in carbohydrates (CHO), fructose-1-phosphate
binds with GCKR and releases GCK which enhances glucose metabolism leading to a
greater glycolytic flux (Girard et al. 1997b; Iynedjian 2009). A few single-nucleotide
polymorphisms (SNPs) within GCK have been reported to have an impact on type 2
diabetes risk, glycemia, B-cell function and plasma TG concentrations (Hu et al. 2010;

Sotos-Prieto et al. 2013; Wang et al. 2013; Fu et al. 2013; Asselbergs et al. 2012).

The hypotriglyceridemic impact of marine omega-3 polyunsaturated fatty acids (n-3
PUFA) at doses around 3g or more is well known (De 2011). This effect is even observed
among individuals with plasma TG concentrations within normal values (<1.7mmol/L) and
at lower marine n-3 PUFA doses (<2g) (Caslake et al. 2008). However, an important inter-
individual variability in the plasma TG response to marine n-3 PUFA has been reported
(Caslake et al. 2008; Cormier et al. 2012a; Minihane et al. 2000). Approximately 30% of
the individuals do not lower their plasma TG concentrations following the intake of marine
n-3 PUFA (Cormier et al. 2012a; Madden et al. 2011). The reduction in de novo lipogenesis
pathway is one of the mechanisms which may explain the hypotriglyceridemic effect of n-3
PUFA (Harris et al. 2006). Among healthy individuals, the proportion of free fatty acids
from de novo lipogenesis contributing to the free fatty acids pool that are incorporated into
the VLDL-TG assembly is relatively small (~5%) (Vedala et al. 2006). However, among
hypertriglyceridemic obese individuals with or without type 2 diabetes, the contribution of
de novo lipogenesis increases to around 13-14% (Vedala et al. 2006). De novo lipogenesis

1s modulated by high dietary carbohydrate (CHO) intakes which increase the activity of
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GCK, the production of malonyl-CoA and acetyl-CoA, therefore stimulating de novo
lipogenesis (Girard et al. 1997a; Iynedjian 2009). Thus, we hypothesised that SNPs within
GCK gene could have an impact on the plasma TG response to a fish oil supplementation

and these impacts could be modulated by gene-diet interaction effects with dietary CHO.
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Methods

Participants

A total of 254 unrelated participants were recruited to participate in this clinical trial from
the greater Quebec City metropolitan area between September 2009 and December 2011
through advertisements in local newspapers as well as by electronic messages sent to
university students/employees (Bouchard-Mercier et al. 2013). Briefly, to be eligible,
participants had to be non-smokers and free of any thyroid or metabolic disorders requiring
treatment such as diabetes, hypertension, severe dyslipidemia, and coronary heart disease.
A total of 210 participants completed the n-3 PUFA supplementation period. However,
plasma TG concentrations were available for 208 participants, thus the analyses were
conducted on 208 participants. No differences in the descriptive characteristics were
observed between the participants included in these analyses and the participants who did
not complete the study or for which plasma TG concentrations values were missing. The
experimental protocol was approved by the ethics committees of Laval University Hospital
Research Center and Laval University. This clinical trial was registered at clinicaltrials.gov

(NCTO01343342). Informed written consent was obtained from all the study participants.

Study design and diets

The study design and diets have been described previously (Bouchard-Mercier et al. 2013).
Briefly, participants followed a run-in period of 2 weeks. Individual dietary instructions
were given by a trained dietitian to achieve the recommendations from Canada's Food
Guide in order to standardize dietary intakes. Some specifications were given regarding the
n-3 PUFA dietary intake: not exceed two fish or seafood servings per week, prefer white
flesh fishes instead of fatty fishes (examples were given) and avoid enriched n-3 PUFA
dietary products such as some milks, juices, breads and eggs. Subjects were also asked to
limit their alcohol consumption during the protocol; two regular drinks per week were
allowed. In addition, subjects were not allowed to take n-3 PUFA supplements (such as

flaxseed), vitamins or natural health products during the protocol.
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After the 2-week run-in period, each participant received a bottle containing n-3 PUFA
capsules for the next 6 weeks. They were instructed to take five capsules (1 g of fish
oil/capsule) per day (Ocean Nutrition, Nova Scotia, Canada), providing a total of 5 g of fish
oil (1.9-2.2g EPA and 1.1 g DHA) per day.

Participants completed two 3-d food records, before and after the n-3 PUFA
supplementation period. Thus, the first food record reflected dietary intakes of the week
prior to the beginning of the supplementation period and for the second food record the
week prior to the end of the supplementation period. All foods and beverages consumed on
2 representative weekdays and 1 weekend day were weighed or estimated and recorded in
food diaries. Dietary intake data were analyzed using Nutrition Data System for Research
software version 2011 developed by the Nutrition Coordinating Center (NCC), University
of Minnesota, Minneapolis, MN.

Biochemical parameters

The morning after a 12-hour overnight fast and 48-h alcohol abstinence, blood samples
were collected from an antecubital vein into vacutainer tubes containing EDTA. Plasma
was separated by centrifugation (2500 x g for 10 minutes at 4°C), samples were aliquoted
and frozen for subsequent analyses. Plasma total cholesterol (total-C) and plasma TG
concentrations were measured using enzymatic assays (Burstein and Samaille 1960;
McNamara and Schaefer 1987). Infranatant (d >1.006 g/ml) with heparin-manganese
chloride was used to precipitate VLDL and LDL and then determine HDL-cholesterol
concentrations (HDL-C) (Albers et al. 1978). The equation of Friedewald was used to
estimate LDL-cholesterol concentrations (LDL-C) (Friedewald et al. 1972). Non-HDL-C
was calculated by subtracting HDL-C from total-C.

SNPs selection and genotyping

As described previously (Bouchard-Mercier et al. 2013), SNPs were selected with the
International HapMap Project SNP database (HapMap Data Rel 28 Phase II+III, August 10,
on National Center for Biotechnology Information (NCBI) B36 assembly, dbSNP b126).
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The chromosomal region selected was chr7:44149895-44198063, which included 2500bp
upstream and 500bp downstream of GCK gene. Tag SNPs (tSNPs) were determined with
the tagger procedure in HaploView software version 4.2 with minor allele frequency
(MAF) of >0.05 and pairwise tagging R? > 0.80. For each gene a minimum of 85% of the
most common SNPs had to be captured by tSNPs. Afterwards, as shown in Figure 7.1,
linkage disequilibrium (LD) plot were generated with Haploview software version 4.2. All
tSNPs were genotyped within INAF laboratories with the TAQMAN methodology (Livak
1999), as described previously (Cormier et al. 2012b). Briefly, genotypes were determined
using ABI Prism SDS version 2.0.5 (Applied Biosystem, Foster City, CA, USA). All SNPs
were successfully genotyped with a call rate of 100% (n=208).

Statistical analyses

Hardy-Weinberg equilibrium was tested with the ALLELE procedure of SAS version 9.3
using Fisher’s exact test (P<0.01). When the genotype frequency for homozygous
individuals of the minor allele was <5%, carriers (heterozygotes and homozygotes) of the
minor allele were grouped. Variables non-normally distributed were logarithmically
transformed (BMI, plasma TG and insulin). Differences were assessed using analyses of
variance (ANOVA) with the GLM procedure in SAS and the type 3 sum of squares for
unbalanced study design. To examine the impact of gene-diet interaction effects on the
plasma TG response, the interaction term (SNP*CHO) was added into the ANOV A model.
The plasma TG response was calculated as followed: ((post-supplementation plasma TG -
pre-supplementation plasma TG)/pre-supplementation plasma TG*100). The model was
adjusted for the effects of age, sex and BMI. To take into account the effects of multiple
testing the simpleM procedure described by Gao et al. (Gao et al. 2008) was used. The
number of effective independent test determined by the procedure of Gao ef al. (Gao et al.
2008), was 8 and only one environmental factor (CHO) was studied. Thus, p-values lower
than 6.25 X 107 were considered significant (p=0.05/(8*1)). All statistical analyses were
performed using SAS statistical software version 9.3 (SAS Institute, Inc., Cary, NC, USA).
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Results

Descriptive characteristics of the study population and tSNPs

As previously observed (Thifault et al. 2013), the baseline, pre- and post-supplementation
descriptive characteristics including dietary intakes of the study participants are presented
in Table 7.1. Briefly, BMI, fasting glucose and HDL-C slightly increased (p=0.005,
p=0.0003 and p=0.005, respectively) whereas plasma TG decreased (p<0.0001) following
the fish oil supplementation. For dietary intakes, total daily energy intakes (including fish
oil supplements) and CHO (expressed as percentage of energy intakes) decreased (p=0.006
and p=0.0009, respectively) and total fat intakes (expressed as percentage of energy
intakes) increased (p=<0.0001) following the fish oil supplementation.

The selected SNPs are presented in Online Resource 1. All SNPs were in Hardy-Weinberg
equilibrium (p<0.01). Figure 7.1 presents the LD plot. Briefly, thirteen tSNPs covered 86%
of the known genetic variability within GCK gene (including 2500bp upstream and 500bp
downstream GCK gene).

The impact of CHO and tSNPs on pre-supplementation plasma TG concentrations

No gene-diet interaction effects on pre-supplementation plasma TG concentrations were
observed (data not shown). Pre-supplementation CHO intake was positively associated with
pre-supplementation plasma TG concentrations (r=0.19, p=0.007). Pre-supplementation
plasma TG concentrations according to genotype are presented in Table 7.2. Briefly, no
differences in plasma TG concentrations were observed according to genotypes. A trend
(p=0.07) was observed for rs3757838, for which individuals carrying the A allele had lower

plasma TG concentrations than T/T homozygotes.

The impact of tSNPs, CHO and gene-diet interaction effects on the plasma TG

response
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A trend for an inverse relationship between the plasma TG response and post-
supplementation CHO was observed (r=-0.14, p=0.05). This association was also observed
between the plasma TG response and pre-supplementation CHO (r=-0.19, p=0.008). As
shown in Table 7.3, gene-diet interaction effects on the plasma TG response were observed
with rs741038 and post-supplementation CHO expressed as percentage of energy
consumption and adjusted for age, sex and BMI (p=0.008) and was significant after
correction for multiple testing only when pre-supplementation plasma TG concentrations
were included into the model as a confounding variable (p=0.001). A trend for a gene-diet
interaction effect was also observed for rs1990458 (p=0.07) when age, sex and BMI were
included in the model. None of the other SNPs were associated with the plasma TG
response either alone or in interaction with CHO. To further explore the impact of rs741038
and CHO, participants were divided on the basis of CHO using the median value and
genotype. As shown in Figure 7.2, homozygotes for the minor C allele of rs741038 with
high CHO >48.59% had a greater decrease in plasma TG concentrations following the
intake of fish oil than C/C homozygotes with low CHO intake (p=0.002), than C/T
heterozygotes with either low or high CHO (p=0.03 and p=0.005, respectively) and than
T/T homozygotes with either low or high CHO intakes (p=0.02 and p=0.04, respectively).
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Discussion

In this study, gene-diet interaction effects on the plasma TG response to fish oil were
observed between GCK gene and CHO. The intake of CHO modified the plasma TG
response to fish oil depending on the genotype of rs741038 within GCK gene. For C/C
homozygotes, low CHO intakes were associated with an increase in plasma TG
concentrations whereas when CHO intakes were high they had the greatest decrease in their
plasma TG concentrations following the fish oil supplementation.of all genotype groups.
The SNP rs741038 is an intronic SNP with no potential regulatory impact and is not in LD
with rs1799884 or rs2070971 which have been associated previously to plasma TG levels,
fasting glucose and/or type 2 diabetes risk (Asselbergs et al. 2012; Holmkvist et al. 2008;
Sotos-Prieto et al. 2013; Webster et al. 2009; Hu et al. 2010; Wang et al. 2013). However, it
is possible that rs741038 is in LD with other unknown functional SNPs. Moreover, the
association between rs1799884 and plasma TG concentrations was not confirmed by our
results (Sotos-Prieto et al. 2013). Hishida ef al. (2012) have investigated the impact of
gene-diet interaction effect on the risk of dyslipidemia defined as elevated plasma TG
and/or low HDL-C concentrations and did not observe interaction effects with GCK gene
rs1799884 and the intakes of energy, fat, CHO or alcohol. A recent meta-analysis has
shown that the association between rs1799884 and type 2 diabetes varies according to
ethnic populations and could be more important among Caucasians than among Asians (Fu
et al. 2013). In a large-scale gene-centric meta-analysis, the intronic SNP rs2070971 within

GCK gene was associated with plasma TG concentrations (Asselbergs et al. 2012).

In the liver, GCK gene expression is regulated by the presence of insulin (Iynedjian et al.
1988; Iynedjian 2009). This mechanism involves the long-term regulation of GCK gene
transcription and translation (Moore et al. 2012). The induction of GCK gene expression by
insulin may be modulated by dietary components such as dietary PUFA which decrease
GCK gene expression induction (Jump et al. 1994). Moreover, the long term consumption
of a diet high in fat and in fructose among dogs has shown to also decrease GCK protein
and its activity in the liver as well as glycogen storage, but not mRNA abundance (Coate et

al. 2010; Coate et al. 2011; Moore et al. 2012). It has been observed that GCK mRNA
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abundance is positively correlated with the liver TG content (Peter et al. 2011). An
increased GCK gene expression was also positively associated with expression levels of
lipogenic enzymes and de novo lipogenesis index (Peter et al. 2011). It has been observed
that compared to a high-fat/low-CHO diet, a low-fat/high-CHO diet led to increases in de
novo lipogenesis which was correlated with the increase in plasma TG concentrations
among both normoinsulinemic and hyperinsulinemic individuals (Schwarz et al. 2003). In
this study, there was a positive correlation between pre-supplementation CHO and plasma
TG concentrations. However, following the intake of fish oil, an inverse relationship
between CHO (both pre- and post-supplementation) and the plasma TG response was
observed. Thus, it is possible that higher pre-supplementation CHO lead to higher GCK
activity and therefore, enhances the potential of fish oil to decrease its activity and affect

plasma TG concentrations.

The variability observed in the plasma TG response to fish oil could be attributable to
factors such as poor compliance. However, compliance rates were high (94%) (Bouchard-
Mercier et al. 2013), thus poor compliance could not explain the variability observed. Sex
is another factor that may modulate the plasma TG response to fish oil (Caslake et al.
2008), however no sex effect (or statistical interaction with sex) was observed in this cohort
(Thifault et al. 2013). In our previous work, differences between responders and non-
responders to fish oil intake according to the plasma TG response in the modulation of the
expression levels of many genes involved in glycerophospholipid, sphingolipid,
arachidonic acid and linoleic acid metabolisms were observed (Rudkowska et al. 2012). It
i1s possible that pre-supplementation gene expression levels, depending on the dietary

intakes or other environmental parameters may affect the plasma TG response to fish oil.
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Conclusion

A gene-diet interaction effect between GCK gene and CHO on the plasma TG response
following fish oil intake among overweight individuals has been observed. For
homozygotes of the minor allele, higher CHO intakes led to important decreases in plasma
TG concentrations following the fish oil supplementation. However, when their intake of
CHO was lower, they slightly increased their plasma TG concentrations. Still, for
homozygotes of the minor allele with lower CHO intakes, plasma TG concentrations were
within normal values. Thus, they are unlikely to be at increased cardiovascular disease risk
following fish oil supplementation. These results need to be replicated among other
populations. In the future, considering dietary carbohydrate intakes and the genetic
background before recommending fish oil to reduce plasma TG concentrations may be of
importance to identify subgroups of the population that may not respond as predicted.
These results reinforce the importance of considering inter-individual variability in the
response to fish oil supplementation. It will also be necessary to achieve a global
understanding of the impacts of several gene-diet interaction effects on the plasma TG

response to fish oil before taking this knowledge into clinical practice.
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Table 7.1 Descriptive characteristics of the study participants.

Variables Baseline Pre Post p?
(n=208) (n=208) (n=208)
Age (years) 30.82+8.66 - -
Sex (men/women) 96/112 - -
BMI (Kg/m?) 27.84+3.73 27.81+£3.74 27.90+3.85 0.005
Fasting glucose (mmol/L) 4.95+0.52 4.95+0.46 5.05+0.49 0.0003
Fasting insulin (pmol/L) 82.51+£35.61 83.63+40.81
(n=206) 87.15+£75.70 (n=207) 0.98
Total-C (mmol/L) 4.82+1.01 4.75+0.90 4.72+0.94 0.48
LDL-C (mmol/L) 279087 5 261081 2.7840.85 0.42
(n=207)
HDL-C (mmol/L) 1.46+0.39 1.44+0.36 1.47+0.40 0.005
Triglycerides (mmol/L) 1.23+0.64 1.21+0.63 1.02+0.52 <0.0001
Dietary intakes
Energy (kcal) i 2273+£590
(n=207) 2186566 0.006
1 0
Fat intake (%) i 32.5_916.04 35304627 <0.0001
(n=207)
CHO (%) 50.51+£7.16
- (n=207) 48.61+7.75 0.0009
N o
Protein intake (%) i 17.3_613.32 16.9543.17 0.12
(n=206)

Means£SD.

aP-values were calculated with paired t-tests.
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Table 7.2 Pre-supplementation plasma TG concentrations according to genotype of tSNPs

within GCK gene.

tSNPs Genotype Plasma TG p?
concentrations
(mmol/L)
1s2268573 C/C 1.26+0.69 0.90
A/C 1.19+0.65
A/A 1.17+0.47
1s2908297 G/G 1.22+0.66 0.97
A/A+A/G 1.17+0.47
12971676 C/C 1.21£0.65 0.76
T/T+C/T 1.21+£0.45
rs758989 A/A 1.27+0.74 0.53
A/G 1.21+0.63
G/G 1.12+0.47
rs12673242 T/T 1.22+0.66 0.81
C/C+C/T 1.18+0.47
12908290 C/C 1.27£0.75 0.80
C/T 1.13+0.49
T/T 1.22+0.51
152284777 A/A 1.23+0.61 0.17
G/G+A/G 1.15+0.67
rs2300584 T/T 1.24+0.69 0.68
C/C+C/T 1.15+0.50
rs1990458 G/G 1.16+0.65 0.13
A/G 1.18+0.56
A/A 1.42+0.77
rs741038 T/T 1.26+0.63 0.48
C/T 1.18+0.62
C/C 1.11£0.65
rs1799884 G/G 1.24+0.65 0.28
A/A+A/G 1.15+£0.59
rs2908277 C/C 1.22+0.64 0.87
T/T+C/T 1.18+0.58
rs3757838 T/T 1.244+0.65 0.07
A/A+A/T 1.00+£0.36
Means=SD.

aP-values of the GLM models are adjusted for age, sex and BMI.
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Table 7.3 Gene-diet interaction effects on the plasma TG response to fish oil.

tSNPs 5 _
Genotype (interaction P . P . interaction
term) genotype CHO effect?
152268573 C/C 0
A/C 0.0740£0.5332 0.94 0.05 0.96
A/A -0.1084=0.6796
152908297 G/G 0
AAAIG  0.4819+0.5730 0.54 0.27 0.40
152971676 C/C 0
T/T+C/T  0.2427+0.6239 0.73 0.23 0.70
rs758989 A/A 0
A/G 0.4084+0.5660 0.62 0.04 0.67
G/G -0.0393+0.5978
1512673242 /T 0
C/C+C/T  1.0556+0.6198 0.14 0.68 0.09
152908290 C/C 0
C/T 0.3690:£0.4906 0.65 0.07 0.65
/T -0.2902+0.8764
rs2284777 A/A 0
G/IG+A/G  -0.3345+0.4975 0.48 0.04 0.50
152300584 T/T 0
C/CHC/T  -0.4474:+0.4880 0.38 0.04 0.36
rs1990458 G/G 0
A/G 1.1604£0.5029 0.09 0.07 0.07
A/A 0.4946+0.7105
1s741038 T/T 0
C/T 0.3766+0.4779 0.01 0.0004 0.008
C/C -2.4272+0.9010
rs1799884 G/G 0
A/A+A/G  -0.1385+0.4847 0.73 0.05 0.78
152908277 C/C 0
T/T+C/T  -0.115140.5440 0.97 0.08 0.83
rs3757838 T/T 0
A/A+A/T  -1.0834+0.8202 0.18 0.03 0.19
Means+SD.

aP-values of the GLM models are adjusted for age, sex and BMI.
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Figure 7.1 Linkage disequilibrium (LD) plot of tSNPs within GCK gene.
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Figure 7.2 The plasma TG response (%) according to median CHO and rs741038

genotype.
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The plasma TG response following fish oil supplementation (means=SE). Means with different
letters are significantly different (assessed by an ANOVA). CHO are separated according to the
median value: <48.59 (Low in light color) and >48.59% (High in dark color). Number of
participants: low CHO and C/C genotype (n=13), high CHO and C/C genotype (n=10), low CHO
and C/T genotype (n=44), high CHO and C/T genotype (n=49), low CHO and T/T genotype (n=47),
high CHO and T/T genotype (n=45).
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Résumé

Introduction : Une importante variabilité interindividuelle dans la réponse de la sensibilité
a I'insuline suite a une supplémentation en huile de poisson a été observée. Objectif :
Examiner les associations entre des polymorphismes nucléotidiques simples (SNPs)
présents dans le géne sterol regulatory element binding transcription factor 1 (SREBF1) et
la réponse de la sensibilité a I’insuline suite a une supplémentation en huile de poisson.
Méthodes : Les participants (n=210) ont €té recrutés dans la région de Québec et ont suivi
un protocole de supplémentation en huile de poisson de 6 semaines (5g d’huile de
poisson/jour : 1,9-2,2 AEP; 1,1g ADH). La sensibilit¢ a I’insuline a été calculée avec
I’indice quantitative insulin sensitivity check index (QUICKI). Trois SNPs présents dans le
gene SREBF1 ont été génotypés selon la méthodologie TAQMAN. Résultats : Les trois
SNPs (rs12953299, rs4925118 and 1s4925115) couvraient 100% de la variabilité génétique
connue du gene SREBFI. Aucun de ces SNPs n’était associé avec les concentrations
d’insuline de départ (rs12953299, rs4925118 et rs4925115) (p=0,29, p=0,20 et p=0,70,
respectivement) ni a D’indice QUICKI de départ (p=0,20, p=0,18 et p=0,76,
respectivement). Les trois SNPs (rs12953299, rs4925118 et rs4925115) étaient associés a la
réponse des concentrations d’insuline (p=0,01, p=0,005 et p=0,004, respectivement) et les
SNPs 1512953299 de méme que rs4925115 étaient associés avec la réponse de la sensibilité
a I'insuline (p=0,009 et p=0,01, respectivement) suite a la supplémentation en huile de
poisson, indépendamment des effets de 1’dge, du sexe et de 'IMC. Conclusion : La
variabilité génétique présente dans le géne SREBFI aurait un impact sur la réponse de

I’insuline et la sensibilité a I’insuline suite a une supplémentation en huile de poisson.
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Abstract

Background: An important inter-individual variability in the response of insulin sensitivity
following a fish oil supplementation has been observed. Objective: To examine the
associations between single nucleotide polymorphisms (SNPs) within sterol regulatory
element binding transcription factor 1 (SREBFI) gene and the response of insulin
sensitivity to a fish oil supplementation. Design: Participants (n=210) were recruited in the
greater Quebec City area and followed a 6-week fish oil supplementation protocol (5g/day:
1.9-2.2g EPA; 1.1g DHA). Insulin sensitivity was assessed by the quantitative insulin
sensitivity check index (QUICKI). Three tag SNPs (tSNPs) within SREBFI gene were
genotyped according to TAQMAN methodology. Results: Three tSNPs (rs12953299,
rs4925118 and rs4925115) covered 100% of the known genetic variability within SREBF]
gene. None of the three tSNPs was associated with either baseline fasting insulin
concentrations (rs12953299, rs4925118 and rs4925115) (p=0.29, p=0.20 and p=0.70,
respectively) or QUICKI (p=0.20, p=0.18 and p=0.76, respectively). The three tSNPs were
associated with differences in the response of plasma insulin levels (p=0.01, p=0.005 and
p=0.004, respectively) and rs12953299 as well as rs4925115 were associated with the
insulin sensitivity response (p=0.009 and p=0.01, respectively) to the fish oil
supplementation, independently of the effects of age, sex and BMI. Conclusions: The
genetic variability within SREBF'I gene has an impact on the insulin sensitivity in response

to a fish oil supplementation.
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Introduction

Sterol regulatory element binding transcription factor 1 (SREBFI) gene encodes a
transcription factor which is a main regulator of lipid metabolism, the sterol regulatory
element-binding protein-1c (SREBP-1c¢) [1]. SREBFI gene is expressed in multiple tissues
including liver, white and brown adipose tissue, adrenal gland and to a lower extent in
pancreatic B-cell [2,3]. Insulin induces the expression of SREBF'1 gene in adipose tissue,
liver and muscle cells [1]. In pancreatic B-cell, it has been observed that SREBP-1c
modulates insulin secretion potentially through a mechanism involving lipotoxicity [3,4].
SREBFI gene expression is also regulated by dietary intakes. An insulin independent effect
has been demonstrated with different types of sugar on SREBFI gene expression induction
[5]. A high saturated fat (SFA) diet increases SREBF'I gene expression both in the liver and
in pancreatic B-cell [3,6] whereas a diet high in polyunsaturated fat (PUFA) decreases
SREBF'1 gene expression [3,7,8]. Among diet induced obese mice, the intake of fish oil
reduces SREBFI gene expression levels in the liver and modifies the expression of other
genes involved in lipid metabolism [9]. Eicosapentaenoic acid (EPA) was shown to inhibit
SREBP-1 maturation [10] and to restore insulin secretion after suppression by palmitate

through an SREBP-1c dependent mechanism [11].

A meta-analysis of genome wide scans in European populations showed linkage with type
2 diabetes in the 17pl1 region, which comprises SREBFI gene [12]. Single nucleotide
polymorphisms (SNPs) within SREBFI gene have been associated with type 2 diabetes,
insulin resistance, obesity and blood lipid levels [13-18]. Thus, the genetic variability
within SREBFI gene may play a role in insulin resistance or type 2 diabetes. The intake of
fish oil may have a favorable impact on insulin sensitivity. Among fructose-induced
hypertriglyceridemic and insulin resistant male rhesus macaques, the intake of 4g/day of
fish oil prevented the development of hypertriglyceridemia and insulin resistance [19].
Studies observing rodents have also observed a beneficial effect of fish oil on insulin
sensitivity [20,21]. However, among humans these effects have not been consistent [22-26].
Some studies even observed an increase in fasting insulin concentrations and/or fasting

glucose concentrations [27,28]. These inconsistencies in results could be partly due to
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genetic variants within transcription factors such as SREBFI gene. To our knowledge this
is the first study to examine the associations between SNPs within SREBFI gene and the

plasma insulin and glucose response to a fish oil supplementation.
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Methods

Participants

Methods related to this study cohort have been previously described [29]. Briefly, a total of
254 unrelated participants from the greater Quebec City metropolitan area were recruited to
participate in this clinical trial between September 2009 and December 2011 through
advertisements in local newspapers as well as by electronic messages sent to university
students/employees. To be eligible, participants had to be non-smokers and without any
thyroid or metabolic disorders requiring treatment, for example diabetes, hypertension,
severe dyslipidemia, and/or coronary heart disease. A total of 210 participants completed
the fish oil supplementation period. However, fasting insulin and glucose concentrations
were obtained only for 207 participants. The experimental protocol was approved by the
ethics committees of Laval University Hospital Research Center and Laval University. This
clinical trial was registered at clinicaltrials.gov (NCT01343342). Informed written consent

was obtained from all the study participants.

Study design and diets

The study design and diets have been described previously [29]. Briefly, participants
followed a run-in period of 2 weeks. Individual dietary instructions were given by a trained
dietitian to achieve the recommendations from Canada's Food Guide. After the 2-week run-
in period, each participant received a bottle containing fish oil capsules for the next 6
weeks. They were instructed to take five capsules (1 g of fish oil/capsule) per day (Ocean
Nutrition, Nova Scotia, Canada), providing a total of 5 g of fish oil (1.9-2.2 g EPA and 1.1
g docosahexaenoic acid (DHA)) per day. Compliance was assessed from the return of
bottles and by measuring erythrocyte membranes and plasma phospholipids fatty acid (FA)

composition

Biochemical parameters

The morning after a 12-hour overnight fast and 48-h alcohol abstinence, blood samples

were collected from an antecubital vein into vacutainer tubes containing EDTA. Blood
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samples were collected at screening, baseline, pre-supplementation (two weeks after
baseline) and post-supplementation (six weeks after pre-supplementation). Plasma was
separated by centrifugation (2500 x g for 10 minutes at 4°C), samples were aliquoted and
frozen for subsequent analyses. Plasma total cholesterol (total-C) and plasma triglyceride
concentrations were measured using enzymatic assays [30,31]. Infranatant (d >1.006 g/ml)
with heparin-manganese chloride was used to precipitate VLDL and LDL and then
determine HDL-cholesterol concentrations (HDL-C) [32]. The equation of Friedewald was
used to estimate LDL-cholesterol concentrations (LDL-C) [33]. Non-HDL-C was
calculated by subtracting HDL-C from total-C. Fasting insulinemia was measured by
radioimmunoassay with polyethylene glycol separation [34]. Fasting glucose
concentrations were enzymatically measured [35]. The quantitative insulin sensitivity check
index (QUICKI) was used to verify the insulin sensitivity calculated as following:
1/(log(insulin(mU/L)) + log(glucose (mg/dL))) [36]. QUICKI has been reported to be more
reproducible than the common homeostasis model assessment (HOMA) of insulin
resistance [37] and has an excellent linear correlation with glucose clamp estimates among
various types of health conditions (healthy, obesity, insulin resistance, diabetes and

hypertension) [38].

SNPs selection and genotyping

As described previously [29], SNPs were selected with the International HapMap Project
SNP database (HapMap Data Rel 28 Phase II+III, August 10, on National Center for
Biotechnology Information (NCBI) B36 assembly, dbSNP b126). Tag SNPs (tSNPs) were
determined with the tagger procedure in HaploView software version 4.2 with minor allele
frequency (MAF) of >0.05 and pairwise tagging R?> > 0.80. Afterwards, as shown in Figure
8.1, linkage disequilibrium (LD) plot were generated with Haploview software version 4.2.
Figure 8.1 also illustrates the high LD between the chosen tSNP rs4925115 and the well
described rs2297508 located in exon 18c of SREBFI gene [13,16,17]. All tSNPs were
genotyped within INAF laboratories with the TAQMAN methodology [39], as described
previously [40]. Briefly, genotypes were determined using ABI Prism SDS version 2.0.5
(Applied Biosystem, Foster City, CA, USA). All SNPs were successfully genotyped.
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Fatty acid composition of erythrocyte membranes and plasma phospholipids

As described previously [41], FA composition was measured in erythrocyte membranes by
gas chromatographic analysis. Methods to extract plasma phospholipids have been
described elsewhere [29]. Plasma lipids (PL) were extracted according to a modified Folch
method [42]. Capillary gas chromatography was used to obtain FA profiles [43]. FA
profiles both in erythrocyte membranes and plasma phospholipids were expressed as the

relative percentage areas of total FAs.

Gene expression assessment

Blood samples (pre- and post- supplementation) were collected into an 8-ml Cell
Preparation Tube (CPT) (Becton Dickinson, Oakville, On, Canada). Gene expression levels
were measured in peripheral blood mononuclear cells (PBMCs), which are considered a
valid proxy measure for many tissues including the liver [44,45]. Peripheral blood
mononuclear cells (PBMCs) were separated by centrifugation (1500 X g, 20 min, at room
temperature) and washed according to the manufacturer’s instructions. Total RNA was
extracted with RNeasy Plus Mini Kit (QIAGEN, Mississauga, On, Canada) according to
manufacturer’s protocol. Spectrophotometric quantification was realised with NanoDrop
2000C UV-Vis Spectrophotometer (Thermo Scientific) and cDNA was generated using 400
ng of total RNA with the High Capacity cDNA Reverse Transcription Kit (Life
Technologies™). cDNA was mixed with TagMan OpenArray® Real-Time PCR Master
Mix (#4462164, Life Technologies™). The assays used were as follows: Hs01088691 m1
(SREBFI) and GAPDH Hs99999905 m1 as the housekeeping gene. All assays used the
same fluorescent reporter probe (FAM dye labeled). All samples were run in triplicate on a
QuantStudio™ 12K Flex Real-Time PCR (RT-PCR) System (Life Technologies™) using
48-well plates TagMan® OpenArray® RT PCR Inventoried Format 18. The RT-PCR

results were analysed with ExpressionSuite software v1.0.1 (Life Technologies ™).

Replication cohort

Seven hundred (700) Caucasians aged between 18 and 55 years were recruited in the

Quebec City metropolitan region. Recruitment occurred between 2004 and 2006 through
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public advertisements (local newspapers and electronic messages) sent to university and
hospital employees, as described previously [46]. A trained research assistant took
anthropometric measures. A registered dietitian administered a validated food frequency
questionnaire (FFQ) to assess dietary intakes [47]. SREBFI c.*619C>G (rs2297508) was
genotyped using the TAQMAN methodology [39].

Statistical analyses

The Hardy-Weinberg equilibrium was tested with the ALLELE procedure of SAS version
9.3 using Fisher’s exact test (P<0.01). When the genotype frequency for homozygous
individuals of the minor allele was <5%, carriers (heterozygotes and homozygotes) of the

minor allele were grouped.

Non-normally distributed variables were logarithmically transformed. Fasting insulin
concentration values higher or lower than means + 3 multiplied by standard deviation (SD)
were considered as outliers (n=6), thus 201 participants were kept for the statistical
analyses. Differences were assessed using analyses of variance (ANOVA) with the GLM
procedure in SAS and the type 3 sum of squares for unbalanced study design. The fasting
insulin response (delta) was calculated as followed: ((post-supplementation insulin
concentrations minus pre-supplementation insulin concentrations)/pre-supplementation
insulin concentrations*100). The same model was used to test the associations with fasting
glucose concentrations and insulin sensitivity (QUICKI). Each model was adjusted for the
effects of age, sex and BMI. To take into account the impact of multiple testing, the
simpleM method described by Gao et al. [48] was utilised. Briefly, this method considers
the impacts of LD between SNPs and has been demonstrated as efficient and accurate
comparatively to permutation-based corrections [48]. First, the composite LD correlation
matrix was derived from the data set. Then, eigenvalues were calculated using the SAS
PRINCOMP procedure and the number of effective independent tests was inferred so that
the corresponding eigenvalues explain 99.5% of the variation in SNP data or the variables
(fasting glucose, insulin and QUICKI), as proposed by Gao et al. [48]. According to Gao’s

method, the number of effective independent tests for the three SNPs was 2 and for the
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three traits (fasting glucose, insulin and QUICKI) was 2. The final step applies the
Bonferroni correction formula to calculate the adjusted point-wise significance level, which
was defined as 06=0.05/(2X2) (effective independent tests). Thus, p-values <0.0125 were
considered significant (p=0.05/(4)). All statistical analyses were performed using SAS
statistical software version 9.3 (SAS Institute, Inc., Cary, NC, USA).
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Results

All tSNPs were in Hardy-Weinberg equilibrium. Three tSNPs covered 100% of the known
genetic variability within SREBF1 gene [29]. As presented in Figure 8.1, two of the
selected tSNPs were in moderate to high LD with the exonic SNP rs2297508 (rs12953299
(R?=0.62) and 154925115 (R?>=0.95)).

Baseline characteristics of the study participants are shown in Table 8.1. Before the fish oil
supplementation period, no differences in fasting insulin concentrations according to
genotypes were observed for the three tSNPs (rs12953299, rs4925118 and rs4925115)
(p=0.29, p=0.20 and p=0.70, respectively). Also there were no differences in either fasting
glucose concentrations according to genotypes of rs12953299, rs4925118 and rs4925115
(p=0.16, p=0.64 and p=0.22, respectively) or for insulin sensitivity (QUICKI) values
(p=0.20, p=0.18 and p=0.76, respectively).

Globally, the fish oil supplementation did not modify fasting insulin levels (pre-
supplementation insulin concentrations: 77.68+29.27pmol/L; post-supplementation insulin
concentrations: 79.02+30.00pmol/L) (p=0.52)) but did slightly increase fasting glucose
levels from 4.95+0.44 mmol/L to 5.04+0.49 mmol/L after the fish oil supplementation
period (p=0.0002), as previously reported [49]. An important inter-individual variability
has been observed in the response of fasting insulin concentrations, ranging from a
decrease of -53.00% to an increase of +135.19%. Briefly, 110 individuals decreased
(relative change<0%) and 91 increased (relative change>0%) their fasting insulin
concentrations. Globally, the mean change in insulin concentrations was 5.14%+29.97%.
The insulin sensitivity (QUICKI) was not modified by the fish oil supplementation
(p=0.19).

No differences according to genotypes of SREBF1 gene were observed in the response of
fatty acid n-3 PUFA (EPA, DHA and total n-3 PUFA) phospholipid content to the fish oil
supplementation, except for EPA concentrations in erythrocyte membranes according to

rs4925118 genotypes (p=0.02) (T/T+C/T=147.66+£79.91% (n=4); C/C=236.48+73.00%
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(n=23)). A trend (p=0.07) was also observed for pre-supplementation EPA content in
erythrocyte membranes according to rs4925118 genotypes (T/T+C/T=0.88+0.33% (n=4);
C/C=0.68+0.22% (n=24)).

SREBF1 gene expression levels were not modified by the fish oil supplementation
(p=0.85). As shown in Table 8.2, no differences were observed in the response of SREBF]
gene expression levels to fish oil supplementation between genotypes of rs12953299,

rs4925118 and rs4925115 (p=0.59, p=0.47 and p=0.25, respectively).

As shown in Figure 8.2, the response of fasting insulin concentrations ((post-
supplementation  insulin  concentrations  minus  pre-supplementation  insulin
concentrations)/pre-supplementation insulin concentrations*100) following the fish oil
supplementation was different according to genotypes of the three tSNPs (rs12953299,
rs4925118 and rs4925115) within SREBF'1 gene, adjusted for age, sex and BMI (p=0.01,
p=0.005 and p=0.004, respectively). For rs12953299, A/A homozygotes increased by
15.27432.03% their fasting insulin concentrations (from 70.15+21.49pmol/L to
79.76£20.31pmol/L) following the fish oil supplementation which was different from the
response of insulin concentrations for A/G heterozygotes with 1.18+30.06% (from
81.01£30.47pmol/L to 79.12+29.99pmol/L) and G/G homozygotes with 3.86+26.39%
(from 77.93+£31.89pmol/L to 78.24+30.31pmol/L). For rs4925118, T allele carriers
(T/T+C/T) increased by 14.13436.18% their fasting insulin concentrations (from
76.12427.39pmol/L to 84.13+32.10pmol/L) following the fish oil supplementation which
was different from the response of insulin concentrations for C/C homozygotes with
0.64+25.29% (from 78.46+30.23pmol/L to 76.47+28.68pmol/L). For rs4925115, A/A
homozygotes increased by 19.484+34.01% their fasting insulin concentrations (from
73.52423.00pmol/L to 86.39+32.34pmol/L) following the fish oil supplementation which
was different from the response of insulin concentrations for A/G heterozygotes with
3.36£29.25% (from 76.76+28.87pmol/L to 76.54+27.89pmol/L) and G/G homozygotes
with 0.60£27.00% (from 81.40+32.67pmol/L to 79.30+£31.93pmol/L).
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The response of fasting glucose concentrations was not different according to genotypes of
the tSNPs (rs12953299, rs4925118 and rs4925115). The insulin sensitivity (QUICKI) was
associated with the tSNPs rs12953299 and rs4925115 (p=0.009 and p=0.01, respectively)
but not with rs4925118 (p=0.16). For rs12953299, the insulin sensitivity (QUICKI) for A/A
homozygotes decreased by -1.96+4.11% (from 0.342+0.017 to 0.335+0.019) following the
fish oil supplementation which was different from the response of insulin sensitivity
(QUICKI) for A/G heterozygotes with 0.38+4.80% (from 0.336+0.020 to 0.337+0.021) and
G/G homozygotes with 3.86+£26.39% (from 0.338+0.018 to 0.337+0.018). For rs4925115,
the insulin sensitivity (QUICKI) for A/A homozygotes decreased by -2.30+4.19% (from
0.340+0.017 to 0.332+0.019) following the fish oil supplementation which was different
from the response of insulin sensitivity (QUICKI) for A/G heterozygotes with -0.14+4.51%
(from 0.3384+0.019 to 0.337£0.020) and G/G homozygotes with 0.36+4.50% (from
0.336+0.019 to 0.337+0.020). The potential effects of total dietary n-3 PUFA intakes in the
participants’ habitual diets were included as a confounding variable in these models and did

not modify the associations observed (data not shown).

Replication cohort

Two significant gene-diet interaction effects on QUICKI (insulin sensitivity index) were
observed, the first one between rs2297508 and dietary intakes of omega-3 (n-3) PUFA (in
grams) (p=0.03) and the second between rs2297508 and dietary PUFA intakes (in grams)
(p=0.03). Both models were adjusted for the effects of age, sex, BMI and energy intakes.
No gene-diet interaction effects were observed on fasting insulin or glucose concentrations.

Table 8.3 presents the results for these two gene-diet interaction effects on QUICKI.
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Discussion

Participants of this cohort were overweight but generally considered as healthy according
to lipid concentration values [50]. Fasting glucose concentrations were within normal
values [51]. The QUICKI index indicated a probable borderline insulin resistance state
among these participants [36,38,52]. An important inter-individual variability in the
response of fasting insulin concentrations was observed. This wide inter-individual
variability in HOMA-insulin sensitivity (IS) response in this cohort has been previously
described [53]. In this study, effects of tSNPs within SREBFI gene on the fasting insulin

and insulin sensitivity responses were observed after the fish oil supplementation.

SREBF'1 gene is an important transcription factor regulating many genes involved in the
lipid metabolism and also in insulin induced glucose metabolism [1]. Moreover, the
expression of SREBFI gene is significantly affected by dietary intakes, including fish oil
[3,5-9]. Therefore, SREBFI gene is an interesting candidate for the study of inter-individual
variability in the response of fasting insulin concentrations to a fish oil supplementation.
Whether these impacts are mediated through the effects of SREBP-1c within hepatocytes
and/or pancreatic cells is unknown. In the liver, increased SREBP-1c concentrations have
been shown to repress the transcription of insulin receptor substrate 2 (IRS2) gene which
led to a detrimental impact on insulin sensitivity, a fatty liver and a production of VLDL
enriched in triglycerides [54]. IRS2 mediates insulin signaling in the liver [54]. Insulin in
the liver activates glycogen synthesis, inhibits hepatic glucose output and promotes
lipogenesis [54]. The induction of SREBP-1c¢ in mice resulted in impaired secretion and
glucose intolerance, as reviewed by Shimano et al. [3]. SREBP-1c¢ may also affect insulin
secretion of pancreatic B-cell through a mechanism involving uncoupling protein-2 (UCP2)
[55]. A sterol regulatory element (SRE) has been discovered in the promoter region of
UCP2 gene [55]. An increase in UCP2 gene expression is associated with a lower efficacy
of glucose-induced insulin secretion [56]. In the present study no differences in SREBFI
gene expression were observed following the fish oil supplementation. Studies examining
the impacts of PUFA, fish oil or EPA on SREBFI gene regulation have been conducted

among mice or in vitro with human cells [5-11]. It is possible that the dose used for the
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supplementation in this study was insufficient to observe an effect on SREBFI gene
expression. However, the activity of lipogenic target genes of SREBP-I1c transcription
factor is not only regulated by SREBF 1 mRNA abundance. For example, Tanaka et al. [10]
did not observe reduced SREBFI mRNA levels but rather an inhibition of the maturation of
SREBP-I1c. Thus, the fish oil supplementation in the present study may have had effects on
the insulin response through posttranslational modifications of SREBP-1c and its impact on
subsequent target genes. However, we cannot rule out the possibility that significant
differences may have been observed if expression levels were directly measured in

hepatocytes [57].

The overall effects of fish oil intakes on insulin resistance, glycemic control and the risk of
type 2 diabetes appears to be negligible, as recently reviewed by Wu ef al. [58]. However,
the authors observed a large heterogeneity. Thus, it is possible that for some individuals the
impacts of fish oil intake on the risk of type 2 diabetes or other related biologic parameters
may be beneficial and for some other individuals detrimental. Quite a few studies have
observed a slight increase in fasting glucose concentrations after fish oil intake [59]. It has
been observed that the reduction in plasma triglyceride concentrations induced by n-3
PUFA intake may be partly induced by the increased use of glycerol for gluconeogenesis
which may explain increases in fasting glucose concentrations [60,61]. The increase in

fasting glucose concentrations was also observed in this cohort [49].

In the present study, homozygotes for minor alleles of the tSNPs rs12953299 and
rs4925115 were associated with an increase in fasting insulin concentrations and a decrease
in insulin sensitivity assessed by QUICKI after a fish oil supplementation compared to the
other genotypes. For the tSNP rs4925118 only a difference in the fasting insulin response
was observed, carriers of the T allele increased their fasting insulin concentrations after a
fish oil supplementation compared to C/C homozygotes. Thus, for these genotypes the
impact of fish oil on insulin sensitivity may be detrimental. For the other genotypes, the
fish oil supplementation had a minor impact which may be less likely to increase the risk of
type 2 diabetes. The genetic variability within transcription factors such as SREBFI gene,
which are affected by fish oil intake may be the key to understanding the variability
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observed in the response of fasting insulin concentrations and insulin sensitivity [62]. SNPs
within SREBF1 gene have been frequently associated with type 2 diabetes or insulin
resistance. A meta-analysis of four European genome screens found the strongest linkage
with type 2 diabetes on chromosome 17p11.2-q22 where is located SREBF1 gene [12]. One
SNP (rs2297508) within SREBF1 gene has been reported across a few populations to be
associated with the risk of type 2 diabetes [13,14,16,17]. Felder et al. [17] found that the
C/G and the G/G genotypes of rs2297508 had a ~1.4-fold higher risk of type 2 diabetes. In
a French cohort, rs2297508 was also associated with obesity and type 2 diabetes
independently of the obesity status [13]. Moreover, the SNP rs2297508 was related to sex-
specific differences in the response of lipid and insulin concentrations as well as in HOMA -
IR to a diet high in carbohydrates [63]. In their study, Zhang et al. [63] observed that the C
allele of rs2297508 was associated with more favorable impacts on plasma triglyceride,
fasting insulin and HOMA-IR than the G allele. Our results from the replication cohort also
indicate that homozygotes C/C of rs2297508 may have a beneficial impact on insulin
sensitivity following fish oil supplementation compared to the other genotypes. A large-
scale gene-centric meta-analysis identified SREBF'1 gene as a type 2 diabetes loci among
Europeans, with rs4925115 being the most significantly associated SNP [15]. The three
tSNPs (rs12953299, rs4925115 and rs4925118) covered 100% of the known genetic
variability within SREBF1 gene. However, two of these tSNPs were in moderate LD
(rs12953299 and rs4925115, R?=0.68) and were also in moderate to high LD with the most
studied SREBF1 gene SNP rs2297508 (R?=0.62 and R?=0.95, respectively). Since SNPs
within SREBFI gene including the promoter region, are in moderate to high LD, we cannot
rule out the possibility that the tSNPs examined herein may also be in LD with SNPs within
SREBF'1 gene promoter region which could affect its expression [64]. In the replication
cohort, the SNP rs2297508 from SREBFI gene interacted with both dietary n-3 PUFA and
PUFA intakes to affect insulin sensitivity (assessed by QUICKI). This SNP is located in
exon 18c and is synonymous (Gly952Gly). Thus, these results may indicate that the genetic
variability within SREBFI gene has an impact on the response of insulin sensitivity to n-3

PUFA and/or PUFA intakes.
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Conclusion

To our knowledge this study was the first to examine associations between SNPs within
SREBF1 gene and the response of fasting insulin and insulin sensitivity to a fish oil
supplementation. In this study, the genetic variability within SREBF1 gene was associated
with differences in the response of insulin and insulin sensitivity to a fish oil
supplementation. SREBF1 gene may be an important candidate to study in order to
understand the discrepancies observed in the impacts of fish oil on insulin resistance.
Clinical trials taking into account the genetic variability within SREBFI gene and
observing the impact of fish oil supplementation on insulin and insulin sensitivity are
warranted. Moreover, the identification of individuals with a beneficial or adverse response

to fish oil is important in order to appropriately recommend its supplementation.
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Table 8.1 Baseline characteristics (n=201).

Variables Means £+ SD Pre- Post- P-value!
supplementation | supplementation

Age (years) 30.92+8.71 - -
Sex 92/109 i i
(men/women)
BMI (Kg/m?) 27.64+3.50 27.61£3.52 27.68+3.59 0.03
Zivﬁfnference Me‘;:vzflﬁ'lo's Men: 94.4+10.3 | Men: 94.8£10.3 0.10
(cm) 91.5410.2 Women: 91.549.9 | Women: 91.4+10.2 0.65
Fasting glucose 4.94+0.53 4.95:0.44 5.040.49 0.0002
(mmol/L)
Fasting insulin 78.97+27.49 0.52
(pmol/L) (n=199) 77.68+29.27 79.02+30.00

0.367+0.018 0.19
QUICKI (n=199) 0.338+0.019 0.336+0.020
HOMA-IR 2'51i1'00 2.48+1.01 2.57+1.06 0.12

(n=199)

Total-C 4.80+1.01 4.74+0.90 4.7120.95 045
(mmol/L)
LDL-C 2.78+0.87 2.75+0.81 2.77+0.86 040
(mmol/L)
HDL-C 1.46+0.39 1.44+0.36 1.48+0.41 0.007
(mmol/L)
Triglycerides 1.210.60 1.190.60 1.00£0.46 <0.0001
(mmol/L)
Means = SD

'P-values were determined using a paired t-test and compared post-supplementation to pre-
supplementation values.
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Table 8.2 Gene expression response according to genotypes of SNPs within SREBF'I gene.

SNPs Genotype Fold change! P-value?

rs12953299 A/A (n=45) 1.04+£0.36 0.59
A/G (n=98) 1.05+0.27
G/G (n=55) 1.00+0.22

rs4925118 T/T+C/T (n=66) 1.06+£0.26 0.47
C/C (n=132) 1.02+0.29

rs4925115 A/A (n=32) 1.00+0.25 0.25
A/G (n=103) 1.07+£0.32
G/G (n=63) 1.00+0.23

Means + SD

'The fold change represents post-supplementation relative gene expression levels

compared to pre-supplementation relative gene expression levels.
Fold Change — 2—AACT — 2—(post-supplementation ACT-pre-supplementation ACT)

?P-values were calculated with an ANOVA adjusted for age, sex and BMI.
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Table 8.3 Gene-diet interaction effects on QUICKI between rs2297508 and PUFA intakes (total and n-3 PUFA).

Dietary n-3 PUFA intake (in grams)! Dietary PUFA intake (in grams)!
Genotype B P P P B P P P
(Interaction Genotype | Dietary fat | Interaction (Interaction | Genotype | Dietary | Interaction
term) intake effect term) fat effect
intake
G/G . 0.04 0.80 0.03 . 0.03 0.22 0.03
(n=125) | 0.0676+0.0252 ) ) ' 0.0548+0.0205 ' ' '
C/G - -
(n=297) | 0.02334+0.0194 0.0204+0.0159
C/C
(n=242) 0 0
Means = SD

'ANOVA adjusted for age, sex, BMI and energy intakes.

253




Figure 8.1 Linkage disequilibrium (LD) plot of tSNPs within SREBF'I gene.
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Figure legend. LD plots were generated by HaploView software version 4.2 using R? LD values.
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Figure 8.2 The relative response in fasting insulin concentrations and QUICKI index

(insulin sensitivity) according to genotype.
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Figure legend. a) rs12953299 (A/A: n=46, A/G: n=100, G/G: n=55); P-value for delta insulin
model: p=0.01; P-value for delta QUICKI model: p=0.009 b) rs4925118 (T/T+C/T: n=67, C/C:
n=134); P-value for delta insulin model: p=0.005; P-value for delta QUICKI model: p=0.16 c)
rs4925115 (A/A: n=33, A/G: n=105, G/G: n=63); P-value for delta insulin model: p=0.004; P-value
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for delta QUICKI model: p=0.01. Delta values (relative change) were calculated as ((post-
supplementation values minus pre-supplementation values)/pre-supplementation values*100). All
differences were assessed with ANOV A adjusted for age, sex and BMIL.
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Résumé

Introduction : Une importante varabilité interindividuelle dans la réponse des triglycérides
plasmatiques (TG) a une supplémentation en huile de poisson a ét¢ observée. Une étude
d’association sur le génome entier (GWAS) comparant les répondeurs et les non-
répondeurs en fonction de la réponse des TG a une supplémentation en huile de poisson a
révélé des SNPs potentiellement reliés a la réponse. Objectif : L’objectif de cette étude est
d’examiner les associations de SNPs révélées dans un GWAS précédemment réalisé, avec
les concentrations de TG et les concentrations d’acides gras dans les phospholipides du
plasma dans une cohorte d’individus en santé¢. Méthodes : Sept cent (700) Caucasiens agés
entre 18 et 55 ans ont été recrutés dans la région de Québec entre 2004 et 2006 et les
concentrations de lipides du plasma ont ét¢ mesurées. Les apports alimentaires ont été
mesurés avec un questionnaire de fréquence alimentaire. Les SNPs identifiés
précédemment dans une étude GWAS ont été génotypés selon la méthodologie TAQMAN.
Résultats : Les participants étaient en santé, toutefois, I'IMC moyen était de
27,74+5,68Kg/m?. Le SNP rs752088 du géne NELLI était associé aux concentrations de
TG indépendamment de 1’effet de 1’age, du sexe et de I'IMC (p=0,01). Les hétérozygotes
A/G avaient des concentrations de TG plus élevées que les homozygotes A/A
(1,30+0,83mmol/L comparé a 1,16+0,77mmol/L). Quelques SNPs étaient associés avec les
concentrations d’acides gras dans les phospholipides du plasma. Un SNP pres du gene
JADEI (rs1216365 (p=0,04)) et des SNPs dans le géne /IQCJ-SCHIP1 (rs2621308 (p=0,04)
et rs61332355 (p=0,005)) étaient associés avec les concentrations d’acides gras oméga-3
totales des phospholipides du plasma apres ajustements pour les effets de 1’age, du sexe et
de 'IMC. Le SNP rs61332355 (gene IQCJ-SCHIPI) était associ€ avec les concentrations
d’acide docosahexaénoique (ADH) des phospholipides du plasma (p=0,001) et le SNP
rs6463808 (gene NXPH]I) avec les concentrations d’acide eicosapentaénoique (AEP) des
phospholipides du plasma (p=0,03). Conclusion : La variabilité¢ génétique présente dans
des genes tels que NELLI, NXPHI, SLIT2, JADEI et/ou IQCJ-SCHIP1 modulerait les
concentrations de TG et/ou les concentrations d’acides gras dans les phospholipides du

plasma.
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Abstract

Background: A large inter-individual variability in the plasma triglyceride (TG) response
to fish oil supplementation has been reported. A genome-wide association study (GWAS)
comparing responders to non-responders according to plasma TG changes to a fish oil
supplementation revealed potential SNPs associated with the response. Objective: The
objective of this study is to test the association of SNPs revealed in this previous GWAS
study with plasma TG and phospholipid fatty acid concentrations in a cross-sectional
cohort of healthy individuals. Methods: Seven hundred (700) Caucasians aged between 18
and 55 years were recruited in the Quebec City metropolitan area between 2004 and 2006
and plasma lipid concentrations measured. Food intakes were measured using a food
frequency questionnaire. SNPs identified in a previous GWAS study were genotyped with
the TAQMAN methodology. Results: Participants were healthy; however, the mean BMI
was of 27.74+5.68Kg/m>. The SNP rs752088 within NELLI gene was associated with
plasma TG concentrations adjusted for the effects of age, sex and BMI (p=0.01). A/G
heterozygotes had higher plasma TG concentrations than A/A homozygotes
(1.30+£0.83mmol/L compared to 1.16+0.77mmol/L). A few SNPs were associated with
plasma phospholipid fatty acid content. A SNP near JADE1 gene (rs1216365 (p=0.04)) and
SNPs within /QCJ-SCHIP1 gene (rs2621308 (p=0.04) and rs61332355 (p=0.005)) were
associated with total omega-3 plasma phospholipid fatty acid content after adjustments for
the effects of age, sex and BMI. The SNP rs61332355 (IQCJ-SCHIPI gene) was associated
with docosahexaenoic acid (DHA) plasma phospholipid content (p=0.001) and the SNP
rs6463808 (NXPHI gene) with eicosapentaenoic acid (EPA) plasma phospholipid content
(p=0.03). Conclusion: The genetic variability within genes such as NELLI, NXPHI,
SLIT2, JADE1 and/or IQCJ-SCHIPI may affect plasma TG and/or phospholipid fatty acid

concentrations.
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Introduction

The impact of genetic and environmental factors on cardiovascular disease risk has been
known for a long time. Kuo [1] published a review in 1968 in which he hypothesised that
environmental factors, including the diet, and the genetic profile may have equal weight on
the risk to develop atherosclerosis. Elder et al. [2] have observed that the heritability for
lipid risk factors (total cholesterol (total-C), very low-density lipoprotein-C (VLDL-C),
low-density lipoprotein-C (LDL-C), high-density lipoprotein-C (HDL-C) and triglycerides
(TG)) was around 56% to 77%. Other factors such as the diet and gene-diet interaction
effects also have an impact on cardiovascular risk factors [3]. Depending on dietary intakes,
individuals with different genetic profiles do not respond similarly to dietary interventions.
A large inter-individual variability in the plasma TG response to fish oil intake has been
reported [4-6]. Approximately, 30% of the individuals taking a fish oil supplementation do

not lower their plasma TG concentrations [4-6].

Our research group has used a supplementation protocol with fish oil as a model to further
investigate gene-diet interaction effects on cardiovascular disease risk factors. In particular,
the plasma TG response has been investigated. A candidate gene approach was used to
further understand the inter-individual variability observed in the cardiovascular disease
risk factor response to fish oil supplementation [6-13]. Genome-wide association studies
(GWAS) have helped finding more loci associated with cardiovascular diseases which are
not associated with conventional risk factors [14]. In a recent GWAS study by our group,
new loci discriminating individuals who lowered their plasma TG concentrations from
individuals who did not lower their plasma TG concentrations following a fish oil
supplementation were identified [15]. Thirteen new loci were identified. These loci
comprised single-nucleotide polymorphisms (SNPs) within or near Slit homolog 2
(Drosophila) (SLIT2), Jade family PHD finger 1 (JADEI), IQ Motif Containing J-
Schwannomin Interacting Protein 1 Fusion Protein (IQCJ-SCHIPI), Neurexophilin 1
(NXPHI), NEL-like 1 (chicken) (NELLI) and V-myb avian myeloblastosis viral oncogene
homolog (MYB) genes. The objective of this study was to verify whether SNPs revealed in

a GWAS performed on responders versus non-responders according to the plasma TG
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response following a supplementation providing 5g per day of fish oil (1.9g EPA and 1.1g
DHA) [15] were associated with plasma TG and phospholipid fatty acid concentrations in a

cross-sectional study.
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Methods

Subjects and study design

Seven hundred (700) Caucasians aged between 18 and 55 years were recruited in the
Quebec City metropolitan area. Recruitment occurred between 2004 and 2006 through
public advertisements (local newspapers and electronic messages) sent to university and
hospital employees, as described previously [16]. A trained research assistant took
anthropometric measures. A registered dietitian administered a validated food frequency
questionnaire (FFQ) to assess dietary intakes [17]. This questionnaire was composed of 91-
items and assessed dietary intakes of the past month. Information on omega-3 (n-3)
supplement intake was also collected and included in total n-3 estimates. The Nutrition
Data System for Research software version 4.03, developed by the Nutrition Coordination
Center (University of Minnesota, Minneapolis, MN, 2002) and the Food and Nutrient
Database 31, was used to analyse data obtained from FFQ. All subjects gave written
consent to participate in this study which has been approved by the Ethics Committee of

Laval University.

Anthropometric measurements

As previously described [16], body weight, height, and waist girth were measured
according to the procedures recommended by the Airlie Conference [18]. BMI was

calculated as weight per meter squared (Kg/m?).

Biochemical parameters

The morning after a 12-hour overnight fast, blood samples were collected from an
antecubital vein into vacutainer tubes containing EDTA. Plasma was separated by
centrifugation. Plasma total-C and TG were determined in plasma and lipoprotein fractions
using OLYMPUS AU400e, Olympus America Inc., Melville, NY, USA. Infranatant (d
>1.006 g/ml) with heparin-manganese chloride was used to precipitate LDL and then
determine HDL-C [19]. The equation of Friedewald was used to estimate LDL-C

concentrations [20].
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SNPs selection and genotyping

SNPs were selected from a previously conducted GWAS study in our research group
observing the differences in allele frequencies among responders and non-responders
according to the plasma TG response following a fish oil supplementation [15]. This
GWAS study allowed the identification of 13 SNPs. Two of these SNPs were in high
linkage disequilibrium (R?=100%) (rs2952724 and rs201419407). Thus, 12 SNPs were
genotyped for this study. Genetic analyses were performed on genomic DNA isolated from
human leukocytes. DNA was extracted from 200ul of buffy coat using the GenElute™
Blood Genomic DNA Kit (Sigma-Aldrich). Spectrophotometric quantification was realised
with NanoDrop 2000C UV-Vis Spectrophotometer (Thermo Scientific). All selected SNPs
(Table 9.1) within or near SLIT2, JADEI, IQCJ-SCHIPI, NXPHI, NELLI, and MYB genes
were genotyped with the TAQMAN methodology [21] using the QuantStudio™ 12k Flex
System with OpenArray™ Block (with Accufill™ System) of Life Technologies™ with
TagMan® OpenArray™ genotyping master mix. Genotypes were attributed using the
QuantStudio™ 12K Flex Software v1.2.2 and the TagMan® Genotyper software v1.3. Of
the 700 participants, 676 subjects for whom DNA was available were genotyped. Genotype
calling rates were all over 97% except for rs1449009 (93%) and rs2621309 (92%).

Fatty acid composition of plasma phospholipids

As previously described [22], following the collection of fasting blood samples into
vacutainer tubes containing EDTA and centrifugation, samples were stored at -80°C for 2
to 5 years. Plasma phospholipids are biomarkers of the n-3 PUFA status over a few weeks
or the last month and have been associated with mortality and coronary heart disease death
among older adults as well as with type 2 diabetes [23-26]. Therefore, the plasma
phospholipid fatty acid content of 200 participants randomly selected from this cohort were
measured. Extraction of plasma lipids was made using a chloroform-methanol mixture (2:1,
vol/vol). As described by Kroger et al. [27], total PL were separated by thin layer
chromatography using a combination of isopropyl ether and acetic acid. Fatty acids of

isolated plasma phospholipids were then methylated. Capillary gas chromatography was
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used to obtain fatty acid profiles. Values of fatty acid concentrations are expressed in

percent of total fatty acid in plasma phospholipids.

Statistical analyses

Hardy-Weinberg equilibrium was tested with the ALLELE procedure of SAS version 9.3
using Fisher’s exact test (P<0.01). When the genotype frequency for homozygotes of the
minor allele was <5%, carriers (heterozygotes and homozygotes) of the minor allele were
grouped in order to have appropriate statistical power. Participants who had extreme values
(mean+standard deviation multiplied by four) were excluded as well as one homeless and a
pregnant women. Variables abnormally distributed were logarithmically transformed. The
General Linear Model (GLM) using the type 3 sum of squares for unbalanced study design
was used to assess differences according to genotype. To test for potential gene-diet
interaction effects on TG, the interaction term was also added into the GLM model (total,
saturated, monounsaturated, PUFA and n-3 PUFA fat intakes). The potential impact of the
SNPs on plasma phospholipid fatty acid concentrations was also investigated with the
GLM procedure. In our previous work, a genetic risk score was calculated from the sum of
risk alleles [15]. To verify if this genetic risk score had also an impact within this larger
cohort, we calculated for each participant their risk scores. Participants were further divided
in three groups according to their genetic risk score (low -2 to 1; medium 2 to 4; high 5 to
8). The associations of these genetic risk score groups with plasma TG concentrations
(including gene-diet interaction effects) and with plasma phospholipid fatty acid content
were examined. SNPs tested for associations with complex diseases rarely account for a
large proportion of variance, characterized by very low p-values (p<0.001). Moreover,
since this study is an attempt to replicate results obtained in an existing cohort
supplemented with fish oil using a pharmacological dose, expected differences may be
smaller in a cohort where n-3 PUFA dietary intakes were provided from usual dietary
habits of the participants. Therefore, we decided to present the results before correction for
multiple testing and using a p-value < 0.05. All statistical analyses were performed using

SAS statistical software version 9.3.
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Results

Descriptive characteristics of the study participants are presented in Table 9.1. Briefly,
participants were mainly overweight with a plasma lipid profile around normal values [28].
More specifically, 31% (n=211) of participants were obese (BMI>30Kg/m?), 34% (n=235)
were overweight (BMI<30Kg/m?>25Kg/m?) and 35% (n=245) had a BMI <25Kg/m?. For
plasma TG, 17% (n=120) of the participants had plasma TG >1.7mmol/L and 83% (n=571)
had plasma TG <1.7mmol/L. All SNPs were in Hardy-Weinberg equilibrium. Further

informations about the selected SNPs are presented in Table 9.2.

A few associations between the studied SNPs and plasma TG concentrations were
observed. Associations with plasma TG were observed for rs1449009 and rs2621309
within IQCJ-SCHIPI gene (p=0.04 and p=0.05, respectively) and rs752088 within NELLI
gene (p=0.03). When adding the effects of age, sex and BMI into the model only rs752088
within NELL1I gene (p=0.01) was associated with plasma TG and a trend was observed for
a SNP within /IQCJ-SCHIP1 gene (1s2621309) (p=0.10). For rs752088, A/G heterozygotes
had higher plasma TG concentrations than A/A homozygotes (1.30+£0.83mmol/L compared
to 1.16+£0.77mmol/L) (Figure 9.1). One gene-diet interaction effect on plasma TG
concentrations was observed between total dietary fat intakes and rs752088 (p=0.04) which
was no longer significant after adjustments for the effects of age, sex and BMI (p=0.21).
Gene-diet interaction effects on plasma TG concentrations were also observed with PUFA
intakes for rs752088 within NELLI gene and rs6463808 within NXPHI gene (p=0.03 for
both) which were no longer significant after adjustments for the confounding effects of age,
sex and BMI (p=0.08 and p=0.06, respectively). Gene-diet interaction effects with n-3
PUFA intakes on plasma TG for rs2952724 and rs2629715, both near SLIT2 gene as well
as rs752088 within NELLI gene (p=0.04, p=0.05, p=0.05, respectively) were observed
(Table 9.3). These associations were no longer significant when including the effects of

age, sex and BMI (p=0.45, p=0.48, p=0.37, respectively).

When stratifying individuals on the basis of plasma TG concentrations using the median

value as a cut-off point (>0.99mmol/L (high) or <0.99mmol/L (low)), genotype frequencies
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assessed by Fishers’ exact test were different for rs2621309 within /QCJ-SCHIPI gene
(p=0.04) and trends were observed for rs1449009 within /QCJ-SCHIP1 gene (p=0.05) and
rs752088 within NELLI gene (p=0.05). Briefly, for rs2621309, G/G homozygotes (n=41)
had more frequently low plasma TG (68%) than the other genotypes (47% (C/G) (n=196)
and 49% (C/C) (n=379).

A genetic risk score was calculated for each participant and three groups were formed (low
-2 to 1; medium 2 to 4; high 5 to 8). According to their genetic risk score, plasma TG
concentrations were not significantly different (p=0.53). Moreover, no gene-diet interaction

effects on plasma TG concentrations were observed (data not shown).

Finally, in a subset of 200 participants, we verified whether SNPs were associated with
plasma phospholipid fatty acid concentrations. A few SNPs were associated with n-3 PUFA
concentrations within plasma phospholipids, rs1216365 (p=0.04) and rs931681 (p=0.05)
both near JADEI gene, as well as rs2621308 (p=0.02), rs61332355 (p=0.001) and
1s2621309 (p=0.03) within /QCJ-SCHIP1 gene. As shown in Table 9.4, the associations
with SNPs 151216365 (JADEI gene), 152621308 (IQCJ-SCHIPI gene) and rs61332355
(IOCJ-SCHIPI gene) remained significant after adjustments for age, sex and BMI (p=0.04,
p=0.04 and p=0.005, respectively). The SNPs rs2621308, rs61332355 and rs2621309
within /IQCJ-SCHIP1 gene were associated with DHA plasma phospholipid concentrations
(p=0.01, p=0.0002 and p=0.02, respectively) and only rs61332355 remained significant
after adjustments for the effects of age, sex and BMI (p=0.001). The SNP rs6463808 within
NXPHI gene was associated with eicosapentaenoic acid (EPA) Plasma phospholipid
content (p=0.03) and results remained significant after adjustments for the effects of age,

sex and BMI (p=0.03).

To obtain further insight into the SNPs that explained the most variance in total n-3 PUFA
concentrations within plasma phospholipid, all 12 SNPs were entered into a regression
model, as well as the confounding variables (age, sex and BMI). The model explained a

total of 16.5% (R?) of the variance in total n-3 PUFA concentrations within plasma
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phospholipid. The SNP rs61332355 (IQCJ-SCHIPI gene) explained the most variance
(partial R?=6.1%), followed by age (partial R?=4.2%), rs1216365 (partial R>=3.2%) and sex
(partial R?>=3.0%). The association between the genetic risk score and plasma phospholipid
content has also been tested. As shown in Figure 9.2, the genetic risk score was associated
with total n-3 PUFA, EPA and DHA plasma phospholipid content (p=0.004, p=0.01 and
p=0.004, respectively). These associations remained significant after adjustments for the

effects of age, sex and BMI (p=0.03 for all three associations).
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Discussion

The objective of this study was to verify whether SNPs revealed in a GWAS performed on
responders versus non-responders according to the plasma TG response following a
supplementation providing 5g per day of fish oil (1.9g EPA and 1.1g DHA) were
associated with plasma TG concentrations and plasma phospholipid fatty acid content in a
cross-sectional study [15]. An association between rs752088 within NELLI gene and
plasma TG concentrations was observed. Gene-diet interaction effects on plasma TG
concentrations with total fat, PUFA and n-3 PUFA intakes estimated using a FFQ were
observed with SNPs within or near SLIT2? gene, NXPHI gene and NELLI gene.
Associations with total n-3 PUFA, DHA and EPA plasma phospholipid content were also

found.

The SNP rs752088 within NELLI gene was associated with plasma TG concentrations.
This SNP (rs752088) also interacted with total fat, PUFA and n-3 PUFA intakes to affect
plasma TG concentrations. The SNP rs752088 is intronic within NELLI gene and encodes
for a protein (NELL1) within the cytoplasm containing epidermal growth factor (EGF)-like
repeats [29]. NELL1 may play a role in the promotion of osteogenic differentiation as well
as in bone formation and regeneration [30]. Osteoblast and adipocytes have a common
precursor, mesenchymal stem cells (MSCs) [31]. It has been observed that NELL1 may act
as an anti-adipogenic agent, possibly through the regulation of peroxisome proliferator-
activated receptor gamma (PPARG) gene [32]. Only a few studies have examined SNPs
within NELLI gene for their impacts on lipid concentrations. In a recent GWAS, two SNPs
within NELLI gene (rs12279250 and rs4319515) were associated with changes in plasma
TG concentrations following the intake of hydrochlorothiazide (HCTZ), an
antihypertensive medication [33]. Another study, the Genetics of Lipid Lowering Drugs
and Diet Network (GOLDN) study, observed that several SNPs were associated with the
response of lipids traits to fenofibrate, including rs4244549, an intronic SNP of NELLI
gene, with the response of large HDL particle cholesterol concentrations and HDL particle

size [34].
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A gene-diet interaction effect on plasma TG concentrations was observed between
rs6463808, a SNP located within an intronic region of NXPHI gene, and PUFA intakes.
This SNP (rs6463808) was also associated with differences in EPA plasma phospholipid
content. NXPH1 gene encodes for a secreted protein forming a tight complex with alpha
neurexins which promotes adhesion between dendrites and axons [35]. In the GOLDN
study, the SNP rs10952132 near NXPHI gene proxy was associated with small LDL
particle concentrations, LDL size, large HDL particle concentrations and HDL size [34]. A
SNP, rs2349775, within an intronic region of NXPHI gene has been associated with
irritable bowel disease [36]. The authors hypothesised that NXPHI gene may have an
impact on the immune response by promoting low grade inflammation in the context of a
gastrointestinal insult [36]. Among a Mexican American population, the SNP rs757705
within NXPHI gene was associated with the risk of type 2 diabetes [37]. Overall, the link
between plasma lipid concentrations and NXPHI gene remains unknown. However,

NXPH1 gene function and its effects on lipid concentrations merit further investigation.

Gene-diet interaction effects were observed between n-3 PUFA intakes and two SNPs
located near SLIT2 gene on plasma TG concentrations. SLIT2 protein was shown to
regulate angiogenesis, to repress lipopolysaccharide-induced inflammatory responses and
to act as a regulator in vascular injury [38-40]. The SNP rs1379659 within the
3’untranslated region (UTR) of SLIT2 gene has been associated with echocardiography
traits, specifically the left ventricular diastolic dimension [41]. Another study observed an
association for the SNP rs1379659 within SLIT2 gene and the response of norepinephrine
to physical activity [42]. The mechanisms by which SNPs within SL/T2 gene may affect the
plasma TG response to n-3 PUFA are unknown. However it is possible that SLIT2 may
modulate the anti-inflammatory effects of n-3 PUFA, affect hepatic metabolism and

indirectly plasma TG concentrations.

Two SNPs within /IQCJ-SCHIPI gene were associated with plasma TG concentrations
(rs1449009 and 1rs2621309) as well as three with total n-3 PUFA and DHA plasma
phospholipid content (rs2621308, rs61332355 and rs2621309). IQCJ-SCHIP1 is a complex

of two adjacent genes which encode distinct proteins [43]. SCHIP1 has been shown to be
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associated with neurofibromatosis type 2 (NF2) which is a tumor suppressor protein [44].
IQCJ-SCHIP1 could also participate in the regulation of axon initial segments and nodes of
Ranvier [45]. Studies are warranted to further understand its possible impacts on plasma

TG concentrations and plasma phospholipid fatty acid content.

JADEI, gene for apoptosis and differentiation, is located to the cell nucleus and has been
reported to encode a protein that has an impact on endogenous histone acetyltransferase
activity [46,47]. JADEI gene could also be a renal tumor suppressor by promoting
apoptosis [48]. To our knowledge no study has investigated the link between JADE! gene

and plasma lipid concentrations.

When all SNPs (10 SNPs with linkage disequilibrium <80%) were examined together using
a genetic risk score according to the information provided by Rudkowska et al. [15],
individuals with high genetic risk scores had lower n-3 PUFA, EPA and DHA plasma
phospholipid content than individuals with medium genetic risk scores and trends were
observed for individuals with low genetic risk scores. However, in our previous work,
plasma phospholipid fatty acid content was not different pre-supplementation between
responders and non-responders to fish oil supplementation according to the plasma TG
response [15]. The impact of these SNPs on plasma phospholipid fatty acid content remains

to be understood.
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Conclusion

In this study, a few SNPs previously identified in a GWAS comparing frequencies between
responders and non-responders according to the plasma TG response to a fish oil
supplementation were associated with plasma TG concentrations and plasma phospholipid
fatty acid content in a cross-sectional cohort of healthy individuals. Gene-diet interaction
effects on plasma TG concentrations were also observed for dietary intakes of total fat,
PUFA and n-3 PUFA. These results reinforce the importance of considering these novel
associations in future studies investigating the inter-individual variability of plasma TG
concentrations, its response to fish oil supplementation and plasma phospholipid fatty acid
content. Studies to further understand the functions of these genes and their role in the lipid

metabolism are also warranted.
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Table 9.1 Descriptive characteristics of the study participants.

Variables Means+SD
37.87+£11.29
Age (years) (n=691)
Sex (men/women) 284/407
27.74+5.68
2
BMI (Kg/m~) (n=691)

Men: 96.8+14.8 (n=283)

Waist circumference (cm) Women: 85.8+15.0 (n=407)

Total-C (mmol/L) 4('16;241;80)0
LDL-C (mmol/L) 2('55234%6
HDL-C (mmol/L) 1('332%2
Triglycerides (mmol/L) l(rzlizgf)o

Means+SD
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Table 9.2 The selected SNPs, minor allele and genotype frequencies.

Genes SNPs Position MAF Genotype frequency
SLIT2 1s2952724 Intergenic (300 kp 0286 T/T C/T C/C
upstream of SLIT?2) (n=61) (n=256) (n=344)
0.092  0.387 0.520
SLIT? 1$2629715 Intergenic (300 kb 0283 T/T G/T G/G
upstream of SLIT2) (n=59) (n=249) (n=341)
0.091 0.384 0.525
JADEI rs1216352 Intergenic (300 kb 0309 T/T C/T C/C
upstream of JADE-1) (n=63) (n=280) (n=313)
0.096  0.427 0.477
JADE] rs1216365 Intergenic (500 kb 0353 C/C A/C A/A
upstream of JADE-1) (n=82) (n=295) (n=273)
0.126  0.454 0.420
JADE] rs931681 Intergenic (300 kb 0348 C/C C/T T/T
upstream of JADE-1) (n=78) (n=301) (n=277)
0.119  0.459 0.422
1Q0CJ- 1s2621308 Intron variant /QCJ- 0229 T/T G/T G/G
SCHIP1 SCHIP1 (n=41) (n=220) (n=398)
0.062  0.334 0.604
10CJ- rs1449009 Intron variant /QCJ- 0239 G/G A/G A/A
SCHIPI SCHIPI (n=43) (n=212) (n=369)
0.069  0.340 0.591
1Q0CJ- rs61332355 Intron variant /QCJ- 0.165 A/A A/C C/C
SCHIP1 SCHIP1 (n=26) (n=164) (n=465)
0.040  0.250 0.710
10CJ- rs2621309 Intron variant /QCJ- 0226 G/G C/G C/C
SCHIPI SCHIPI (n=41) (n=196) (n=379)
0.067  0.318 0.615
NXPHI rs6463808 Intron variant NXPHI  0.181 A/A A/G G/G
(n=24) (n=192) (n=447)
0.036  0.290 0.674
NELLI rs752088 Intron variant NELLI 0359 G/G A/G A/A
(n=81) (n=313) (n=267)
0.123 0474 0.404
MYB 16920829 Intron variant MYB 0.121 C/C C/T T/T
(n=7) (n=146) (n=506)
0.011 0.222 0.768
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Table 9.3 Gene-diet interaction effects on plasma TG concentrations.

Gene SNPs B P P P
(interaction term) genotype! dietary fat interaction effect!
intakes'

Total fat intakes

NELLI rs752088 G/G -0.0012+0.0078 0.12 0.58 0.04
A/G 0.0105+0.0045
A/A 0

Polyunsaturated fat intakes

NXPHI rs6463808 A/A+A/G 0.2517+0.1140 0.02 0.42 0.03
G/G 0

NELLI 1s752088 G/G -0.0518+0.2036 0.07 0.44 0.03
A/G 0.2740+0.1153
A/A 0

Omega-3 polyusaturated fat intakes

SLIT2 12952724 T/T 0.3289+0.1459 0.03 0.0003 0.04
C/T 0.1308+0.0786
C/C 0

SLIT2 152629715 T/T 0.3391+0.1458 0.03 0.0006 0.05
G/T 0.1073+0.0790
G/G 0

NXPHI 1s6463808 A/A+A/G 0.1554+0.0808 0.03 0.0003 0.06
G/G 0

NELLI rs752088 G/G 0.0256+0.1300 0.27 0.03 0.05
A/G 0.1879+0.0786
A/A 0

1Unadjusted P-values generated from an ANOVA.
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Table 9.4 Relative total n-3 PUFA, DHA and EPA content (%) of plasma phospholipids

according to genotypes.

SNPs Genotype P-value! | P-value?
rs1216352 T/T c/T c/C
5.11+1.23 | 5.32+1.25 | 5.74+1.60 0.08 0.11
(n=15) (n=78) (n=102)
rs1216365 Cc/C A/C A/A
4.99+1.21 | 5.37£1.29 | 5.80+1.59 0.04 0.04
(n=17) (n=88) (n=89
rs931681 Cc/C C/T T/T
4.99+1.21 | 5.36£1.29 | 5.78+1.60 0.05 0.05
(n=17) (n=89) (n=90)
rs2621308 T/T G/T G/G
5.05+1.09 | 5.18+1.21 | 5.75£1.56 0.02 0.04
Total n-3 (n=10) (n=68) (n=118)
PUFA (%) | rs1449009 c/C c/T T/T
5.14+1.12 | 5.24+1.28 | 5.71+1.46 0.07 0.11
(n=9) (n=68) (n=111)
rs61332355 A/C c/C
- 4.95+1.05 | 5.72+1.52 0.001 0.005
(n=50) (n=145)
rs2621309 G/G C/G c/C
5.05£1.09 | 5.22+1.18 | 5.77+1.58 0.03 0.07
(n=10) (n=58) (n=113)
rs6463808 A/G G/G
- 5.77+£1.49 | 5.39+£1.42 0.08 0.12
(n=68) (n=128)
rs2621308 T/T G/T G/G
2.82+0.68 | 3.02+0.86 | 3.36+0.89 0.01 0.06
(n=10) (n=68) (n=118)
rs1449009 C/C C/T T/T
2.91+0.66 | 3.06+=0.88 | 3.34+0.88 0.07 0.17
o (n=9) (n=68) (n=111)
DHA (%) rs61332355 A/C c/C
- 2.83+0.72 | 3.36+0.90 0.0002 0.001
(n=50) (n=145)
1s2621309 G/G C/G C/C
2.82+0.68 | 3.03+0.88 | 3.36+0.90 0.02 0.08
(n=10) (n=58) (n=113)
rs1216365 Cc/C A/C A/A
0.91+0.49 | 1.06+£0.61 | 1.23+0.74 0.06 0.08
(n=17) (n=88) (n=89)
rs931681 Cc/C c/T T/T
EPA (%) 0.91+£0.49 | 1.05+0.61 | 1.22+0.74 0.06 0.09
(n=17) (n=89) (n=90)
rs61332355 A/C Cc/C
- 0.97+0.48 | 1.17+0.72 0.06 0.09
(n=50) (n=145)
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rs6463808

A/G
1.25+0.75
(n=68)

G/G
1.04+0.61
(n=128)

0.03

0.03

Means+SD.

"Unadjusted P-values generated from an ANOVA.

2P-values adjusted for the effects of age, sex and BML.

283




Figure 9.1 Plasma triglyceride concentrations according to genotype of rs752088.
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Figure legend. A/A homozygotes (n=265) 1.16=0.77mmol/L, A/G heterozygotes (n=309)
1.30+0.83mmol/L and G/G homozygotes (n=81) 1.134+0.70mmol/L. A/A homozygotes vs A/G
heterozygotes (p=0.006), A/A homozygotes vs G/G homozygotes (p=0.88) and A/G heterozygotes
vs G/G homozygotes (p=0.09). Means with different letters are significantly different. P-values
were obtained with an ANOVA adjusted for the effects of age, sex and BMI. Means+SE.
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Figure 9.2 Total n-3 PUFA, EPA and DHA plasma phospholipid relative content according

to genetic risk score group.

6 - AB A Low
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N-3 PUFA EPA DHA

Figure legend. For total n-3 PUFA Low vs Medium genetic risk score group (p=0.73), Medium vs
High (p=0.007) and Low vs High (p=0.08); For EPA Low vs Medium (p=0.38), Medium vs High
(p=0.008) and Low vs High (p=0.20); For DHA Low vs Medium (p=0.97), Medium vs High
(p=0.008) and Low vs High (p=0.05). Low risk group n=28, Medium risk group n=142 and High
risk group n=30. Means with different letters are significantly different. P-values were obtained
with an ANOVA adjusted for the effects of age, sex and BMI. Means+SE.
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Résumé

Introduction : Les tests de nutrigénétique deviennent de plus en plus accessibles aux
consommateurs. La plupart des études rapportent que les diététistes ne sont pas bien
préparées a discuter de nutrigénétique avec leurs patients/clients. L’objectif principal de
cette étude est d’examiner les facteurs affectant I’intention des diététistes de discuter de
nutrigénétique avec leurs patients/clients. Méthodes : Un questionnaire basé sur la Théorie
du comportement planifié (TCP) (attitude, norme subjective et perception de controle) a été
développé et envoyé aux diététistes membres de 1’Ordre professionnel des diététistes du
Québec (OPDQ) par courriel. Des analyses par régressions multiples ont été réalisées afin
d’examiner les déterminants de I’intention et du comportement. Résultats : Cent quarante
et un (141) diététistes ont complété le questionnaire. Les participants étaient distribués
uniformément a travers les groupes d’age avec une proportion légeérement plus élevée pour
le groupe des 26-30 ans et plus basse pour le groupe des 50 ans et plus. Sur une échelle de
(-2 a 2 (de fortement en désaccord a fortement en accord), I’intention des diététistes de
discuter de nutrigénétique avec leurs patients/clients était neutre avec une moyenne de -
0,07+0,92. L’attitude était le construit de la TCP le plus fortement associé avec 1’intention
(B=0,66, p<0,0001), suivi de la perception de contrdle (=0,33, p<0,0001) et de la norme
subjective (B=0,21, p=0,03). Finalement, 13 diététistes sur 141 (~9%) avaient discuté de
nutrigénétique avec leurs patients/clients dans les trois derniers mois. Seule la perception de
contrdle expliquait une partie de la variance du comportement ($=0,20, p<0,0001).
Conclusion : Les principaux déterminants de I’intention des diététistes de discuter de
nutrigénétique avec leurs patients/clients ont ét¢ déterminés. Ce savoir pourra aider a

concevoir un outil de formation a propos de la nutrigénétique pour les diététistes.

289






Abstract

Background: Nutrigenetic testing is becoming more available to the consumer. Most
studies report that dietitians are not well prepared to discuss nutrigenetics with their
patients/clients. The main objective of this study was to investigate factors affecting the
intention of dietitians to discuss nutrigenetics with their patients/clients. Methods: A
survey based on the Theory of planned behavior (TPB) (attitude, subjective norm and
perceived behavioral control) was developed and sent by email to dietitians members of the
Ordre professionnel des diététistes du Québec (OPDQ). Multiple regression analyses were
performed to examine the determinants of intention and behavior. Results: One hundred
and fourty one (141) dietitians completed the questionnaire. Participants were evenly
distributed across age groups with a slightly higher proportion aged between 26 and 30
years old and fewer were 50 years old or more. On a scale from -2 to 2 (from strongly
disagree to strongly agree), the intention of discussing nutrigenetics with patients/clients
was neutral with a mean of -0.07+0.92. The TPB construct of attitude was the most strongly
associated with intention (B=0.66, p<0.0001) followed by perceived behavioral control
(B=0.33, p<0.0001) and subjective norm (f=0.21, p=0.03). Finally, 13 out of 141 dietitians
(~9%) did actually practice the behavior which was to have discussed nutrigenetics with
their patients/clients in the last three months. Only the perceived behavioral control
contributed to explain the behavior (f=0.20, p<0.0001). Conclusion: Main determinants of
the intention of dietitians to discuss nutrigenetics with their patients/clients were
determined. This knowledge will help in the design of future educational content about

nutrigenetics.
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Introduction

Nutritional genomics which comprises nutrigenetics, nutrigenomics, and nutritional
epigenomics, studies the relationships between nutrients and genes and its impacts on
phenotypic outcomes, for example disease risk (Camp & Trujillo, 2014). Nutrigenetics is
the study of the role of DNA sequence variation in the responses to nutrients, often referred
to as gene-diet interaction effects (Bouchard & Ordovas, 2012). For example, the treatment
of phenylketonuria (PKU), a monogenic disease, with a specific diet was the first
application of nutrigenetics (Woolf et al., 1955). Nutrigenetics has also focused on further
understanding the impacts of gene-diet interactions on chronic diseases and their related
risk factors, such as cardiovascular disease and components of the metabolic syndrome
(Phillips, 2013; Corella & Ordovas, 2012). Even though this science is promising, in order
to personalise dietary recommendations given to individuals, groups of individuals and
even to the population, several obstacles have to be overcome before implementing
nutrigenetic-related recommendations into clinical practice (Phillips, 2013; Fenech et al.,
2011; de Roos, 2013). Difficulties such as replicating the observed gene-diet interactions
were encountered (Phillips, 2013). Moreover, nutrigenetic findings need to be validated
within intervention trials prior to making personalised dietary recommendations (Fenech et
al., 2011). Despite these facts, in 2008 approximately thirty companies were already

offering direct-to-consumer nutrigenetic tests (Ries & Castle, 2008).

To ensure the successful knowledge translation of nutritional genomics to end-users such as
dietitians, physicians, and patients, multiple professionals will have to work in synergy,
from researchers to health care providers (Guttmacher et al., 2001). Dietitians are the health
professionals with the strongest nutritional background and which could integrate
nutrigenetic-based dietary recommendations into both clinical and public health practices
(Patterson et al., 1999; Collins et al., 2013). However, surveys conducted among dietitians
have revealed a lack of knowledge regarding nutrigenomics and nutrigenetics (Collins et
al., 2013; Rosen et al., 2006; McCarthy et al., 2008; Whelan et al., 2008; Cormier et al.,
2014). A majority of dietitians do not understand properly the basic concepts related to

nutritional genomics (Rosen et al., 2006). Recent surveys conducted among dietitians from
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the US, UK, Australia and Canada reported low levels of knowledge and/or confidence
related to genetics and nutritional genomics, a lack of continuing professional education
and a lack of educational experts in the field (Collins et al., 2013; Rosen et al., 2006;
Cormier et al., 2014). High confidence levels in genetics and nutritional genomics are
associated with increased reference to nutritional genomics into dietitians’ practice (Collins
et al., 2013; Whelan et al., 2008). Therefore the need for adequate education regarding

nutritional genomics is required.

The Theory of planned behavior (TPB) has been used successfully among health
professionals including dietitians to predict the adoption of specific behaviors or the
intention related to the adoption of the behavior (Godin et al., 2008; Chase et al., 2003).
The TPB has also been used as a theoretical framework to build intervention programs
promoting health behaviors and effective continuing education programs for health
professionals (Beaulieu & Godin, 2012; Casper, 2007; Edwards et al., 2007; Perkins et al.,
2007). Overall, the main objective of this study was to investigate factors affecting the

intention of dietitians to discuss nutrigenetics with their patients/clients.

294



Methods

Study population and sample

An invitation to participate in a cross-sectional survey was sent by email to all members of
the Ordre professionnel des diététistes du Quéebec (OPDQ) (n=2 823) between September
2013 and November 2013. Members of the OPDQ are registered dietitians with a valid
licence to practice in the province of Quebec, Canada. To be eligible, participants had to be
members of the OPDQ, to be able to answer the survey in French as well as to have access
to a computer and an Internet connection. Participants were asked to complete the survey

online. Participants with >10% of unanswered TPB specific questions were excluded.

Elicitation study

In order to determine the salient beliefs from our study population prior to the development
of the quantitative TPB questionnaire, an elicitation study was conducted with a sample of
23 dietitians’ members of the OPDQ. The participants were asked to complete a
questionnaire comprising six open-ended questions. Following the TPB theoretical
constructs, questions referred to dietitians perceived advantages and disadvantages
(attitudes) with regard to discussing nutrigenetics with their patients/clients, the individuals
or groups they perceived as favourable or unfavourable (subjective norm) towards the
action of discussing nutrigenetics with their patients/clients, and the barriers as well as the
facilitating factors (perceived behavioral control) they perceived about discussing
nutrigenetics with their patients/clients. In order to clarify the term «nutrigenetics», a short
definition was provided at the beginning of the questionnaire as well as short definitions of
the terms «nutritional genomics» and «nutrigenomics». Nutrigenetics was presented as the
study of how the genetic profile (gene variants) may influence the response to dietary

intakes of an individual or a group of individuals.

A content analysis was conducted separately by two researchers in order to extract salient
modal beliefs common to this population according to the methodology described by

Gagné and Godin (Gagne & Godin, 1999). Both researchers each created separately three
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lists (behavioral, normative and control beliefs). Beliefs expressing the same ideas were
grouped and the frequency of each belief was noted. Researchers then agreed on the
classification and labelling of the themes extracted. Most popular themes were kept until
75% of the total number of beliefs was reached. To elaborate the items assessing the main
variables of the TPB (attitude, subjective norm, perceived behavioral control), guidelines

provided by Gagné and Godin were followed (Gagne & Godin, 1999).

Data collection procedure

An approbation letter was sent to the OPDQ to ask for their approval to distribute the

survey to their members via an electronic message (September 11%

2013). Two reminders
were sent via electronic messages four and six weeks after the first email (October 16
2013 and November 5" 2013). The survey was distributed via a secured link to

SurveyMonkey. This project was approved by the Ethics Committee of Laval University.

Instrument development and validation

After the elicitation study, the questionnaire was developed following guidelines provided
by Ajzen (Ajzen, 2006) as well as by Gagné and Godin (Gagne & Godin, 1999). The
questionnaire was a self-administered questionnaire including fourty-seven (47) questions.
The estimated time to complete the survey was around ten minutes. The first section
assessed informed consent to participate in this study and sociodemographic questions,
followed by short definitions of «nutritional genomics», «nutrigenomics» and
«nutrigenetics». The second section assessed components based on the TPB. The behavior
was assessed with one direct question: «During the last three months I have discussed
nutrigenetics with my patients/clients» which they answered by either selecting «yes» or
«no». Intention was measured with three items beginning with either «I plan to...», «I
intend to...» and «I want to...» and ending with «...to discuss nutrigenetics with my
patients/clients» (five-point scale: -2=strongly disagree; 2=strongly agree). Attitude (direct
construct) was measured by means of four items composed of pairs of adjectives, appearing
after the following sentence: «To discuss nutrigenetics with my patients/clients would be...

(five-point scale: -2=Very deleterious to 2=Very beneficial; -2=Very unpleasant to 2=Very
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pleasant; -2=Very bad to 2=Very good; -2=Very useless to 2=Very useful). For the
subjective norm (direct construct), three items were used: «People that are the most
important to me think that it is appropriate to discuss nutrigenetics with my
patients/clients», «Most people who are important to me think that I should discuss
nutrigenetics with my patients/clients» and «I feel a social pressure which pushes me to
discuss nutrigenetics with my patients/clients» (five-point scale: -2=strongly disagree;
2=strongly agree). Perceived behavioral control (direct construct) was assessed with four
items (five-point scale: -2=strongly disagree; 2=strongly agree): «With the resources that I
have, I feel capable to discuss nutrigenetics with my patients/clients», «If I wanted I could
easily discuss nutrigenetics with my patients/clients», «I feel confident to be able to discuss
nutrigenetics with my patients/clients» and «Many obstacles out of my control could
prevent me to discuss nutrigenetics with my patients/clients». Behavioral beliefs (indirect
construct) were measured by means of a sentence starting with «To discuss nutrigenetics
with my patients/client would...» followed by the five following items: «...be hard to
understand for my patients/clients», «...allow me to further personalize dietary
recommendationsy», «...increase the efficiency of the dietary interventionsy», «...create a
sense of powerlessness among patients/clientsy and «...be hard to explain to the
patients/clients». Normative beliefs (indirect construct) were measured with four items
assessing whether researchers, other dietitians, employers and fellow workers would
approve or disapprove that they discuss nutrigenetics with their patients/clients (five-point
scale: -2=strongly disapprove to 2=strongly approve). Control beliefs (indirect construct)
were assessed by means of four items asking the participants to answer on a five-point scale
(-2=very unlikely to 2=very likely) with the following items: «If I had enough
knowledge/training, I could discuss nutrigenetics with my patients/clients», «If my
patient/client would be interested, I could discuss nutrigenetics with himy, «If I had clinical
tools about nutrigenetics, it would allow me to discuss nutrigenetics with my
patients/clients» and «Even if wanted, I would not have enough time to discuss

nutrigenetics during my nutritional consultationsy.
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The questionnaire was in French and validated by six individuals including two researchers
of the Institute of Nutrition and Functional Foods (INAF) and four dietitians for the clarity

of the questions. Questions were then modified according to the comments received.

Psychometric qualities

A five-point Likert-type scale was used for this study. Nutrigenetics may be considered as
an emerging field in the practice of dietitians and is still not well understood among these
professionals (Cormier et al., 2014), thus a smaller scale (5 instead of 7) was preferred.
Moreover, five-point scales or five possible answers have been used in other surveys
conducted among dietitians focusing on genetics and nutritional genomics (McCarthy ef al.,

2008). The Alpha Cronbach’s coefficient was used to assess internal consistency (fidelity).

Statistical analyses

Descriptive analyses were performed to better describe the variables related to the
participants (means, standard deviation, variable distribution). Scores for negative items
were reversed. Pearson correlations were computed between the variables related to the
TPB. The determinants of intention were assessed by a multiple linear regression including
attitude, subjective norm and perceived behavioral control. Potential confounding factors
(descriptive variables) were identified with ANOVAs predicting the intention and were
included into the multiple linear regression only if p value was <0.10. Potential covariates
which were associated with the intention at p-value <0.10 were also included into the
multiple linear regression analyses. Because this study is a first step towards the
development of continuing education for dietitians, beliefs related to the direct constructs
found significant in the previous regression model were further examined in relation to the
intention in a separate multiple linear regression model. Beliefs included into the regression
model were chosen according to Mallow’s C,, statistic (Mallows, 1973). A third multiple
linear regression predicting the behavior was performed including intention and perceived
behavioral control. P-values <0.05 were considered significant. All analyses were

performed using SAS software, Version 9.3 (SAS Institute, Cary, NC, USA).
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Results

The questionnaire was sent by e-mail to the 2823 members of OPDQ. A total of 164
dietitians completed the survey online and gave written consent to participate in this study.
The response rate was 5.8%. Participants with >10% of unanswered TPB specific questions

were excluded. Thus, 141 participants were included into the analyses.

Descriptive characteristics of the study population are presented in Table 10.1. Briefly, age
was almost equally distributed across age groups with a slightly higher proportion of the
participants aged between 26 and 30 years old (28.4%) and fewer being 50 years old or
higher (11.4%). Approximately ~16% of the dietitians had a Master degree in Nutrition,
only ~2% of the dietitians had a PhD in Nutrition, whereas ~15% had completed graduate
studies in other fields or programs. Most of the participants (~51%) had 5 years or less of
experience as dietitians. The majority of dietitians reported practicing in the area of clinical
nutrition in public health settings (~59%). Participants were mostly from urban centres such
as Montreal (~28%) and Capitale-Nationale (Quebec City) (~25%). Most dietitians had
never interpreted the results from a nutrigenetic test (n=134, 96.4%). The majority of
dietitians never recommended a nutrigenetic test (n=133, 96.4%). When asked if they were
ever approached by companies offering nutrigenetic tests, most dietitians responded

negatively (n=130, 64.2%).

As presented in Table 10.2, means of Cronbach’s alpha coefficient were all between 0.65
and 0.87, which is considered adequate (Gagne & Godin, 1999). Thus, all items were kept
for the analyses. Table 10.3 presents the descriptive statistics related to TPB direct
constructs and salient beliefs. Briefly, the intention to discuss nutrigenetics with
patients/clients was neutral (neither agree nor disagree) with a mean of -0.07+0.92. The
attitude towards the behavior was slightly positive with a mean of 0.41+0.65, the subjective
norm and the perceived behavioral control were negative, with means of -0.22+0.65 and -

0.53+0.79, respectively.
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The correlation matrix between the TPB direct constructs and intention are presented in
Table 10.4. All direct constructs of the TPB were correlated with an r value ranging from
0.52 to 0.74. The attitude construct was the most strongly correlated with intention (r=0.74,
p<0.0001).

The regression model including the variables of TPB explained 63% (R?) of the variance in
the intention of dietitians to discuss nutrigenetics with their patients/clients (Figure 10.1).
The three TPB constructs contributed to the model as follows: attitude (f=0.66, p<0.0001),
subjective norm (p=0.21, p=0.03) and perceived behavioral control (=0.33, p<0.0001).
When observing the impact of potential confounding variables, age (p=0.67), sex (p=0.78),
years of practice as a dietitian (p=0.11) and the number of patient/client per week (p=0.10)
did not contribute to explain the intention to discuss nutrigenetics with the patient/client.
However, education levels (p=0.09) and area of practice (p=0.04) were associated with
intention (p<0.10). To take into account their impact on intention, these two confounding
variables were then included into the regression model with the direct TPB constructs.
Neither of the confounding variables contributed significantly to explain the intention
(education levels, p=0.52 and area of practice, p=0.44) of dietitians to discuss nutrigenetics

with their patients/clients.

The second regression model included the salient beliefs related to attitude, subjective norm
and perceived behavioral control. According to Mallow’s C, statistic, only six salient
beliefs were included into the multiple linear regression model. Of these six salient beliefs,
four were associated with intention (Table 10.5). The influence of employers was important
(B=0.31, p=0.0005) followed by the behavioral belief that discussing nutrigenetics with
their patients/clients would increase the efficacy of dietary interventions (f=0.26,
p<0.0001). Two control beliefs also contributed to the model, «If my patient/client would
be interested» and «If I had enough knowledge/training» (f=0.18, p=0.0001 and =0.17,
p=0.008, respectively). Approximately, 30% of dietitians mentioned that their employers
would approve the fact that they discuss nutrigenetics with their patients/client whereas
most dietitians (~54%) thought that employers would not approve or disapprove.

Approximately, 66% of dietitians agreed or strongly agreed that discussing nutrigenetics
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with their patients/clients would increase the efficacy of dietary interventions. Most
dietitians (~71%) agreed or strongly agreed that if their patients/clients would be interested
they would discuss nutrigenetics with them. Finally, the majority also agreed or strongly
agreed (~79%) that with enough knowledge/training they would discuss nutrigenetics with

their patients/clients.

Finally, 13 out of 141 dietitians (~9%) reported practicing the behavior which was to
discuss nutrigenetics with their patients/clients in the last three months. To better
understand the importance of intention and perceived behavioral control on the behavior, a
third multiple linear regression model was performed. As shown in Figure 10.1, only
perceived behavioral control contributed to explain the behavior (3=0.17, p<0.0001). This

regression model explained 29% (R?) of the variance in the behavior.
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Discussion

To our knowledge, factors affecting dietitians’ intention of discussing nutrigenetics with
their patients/clients have never been studied using a theoretical framework such as the
TPB. The results from this study indicate that all three direct constructs (attitude, subjective
norm and perceived behavioral control) of the TPB affect dietitians’ intention to discuss
nutrigenetics with their patients/clients. The attitude towards the behavior was the most
influent TPB construct in predicting intention, followed by perceived behavioral control
and subjective norm. Most dietitians had a slightly positive attitude towards discussing

nutrigenetics with their patients/clients.

Among indirect constructs of attitude, the behavioral belief that discussing nutrigenetics
with the patient/client would increase the efficacy of dietary interventions was the most
important determinant of intention. Most dietitians agreed or strongly agreed that
discussing nutrigenetics with their patients/clients would increase the efficacy of dietary
interventions. These results are consistent with the work of Rosen et al. (Rosen et al., 2006)
which have observed that most dietitians (75%) agreed that applying nutrigenomics would
result in nutritional interventions which could help to better manage/prevent certain
diseases. A few studies have observed that dietary recommendations provided by dietitians
based on genetics may further motivate patients/clients to follow the recommendations
provided (Nielson & EIl-Sohemy, 2012; Arkadianos et al., 2007). Arkadianos et al.
(Arkadianos et al., 2007) also observed an increase in the efficacy of a weight loss program

among individuals receiving nutrigenetic tailored advices.

Two of the four control beliefs predicted the intention to discuss nutrigenetics with their
patients/clients. Having enough knowledge/training was important in predicting the
intention. A lack of knowledge in genetics and/or nutritional genomic among dietitians has
been reported frequently (Collins et al., 2013; McCarthy et al., 2008; Whelan et al., 2008;
Cormier et al., 2014). Associations between knowledge levels and confidence levels in
discussing genetics and/or nutritional genomics have been reported among dietitians from

the UK (Whelan et al., 2008). Increased knowledge levels are also associated with
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increased professional activities related to genetics and/or nutritional genomics such as
discussing with patients of the genetic basis of a disease, providing training or education to
students/health professionals related to genetics and/or nutritional genomics and discussing
with patients how diet may interact with genes to affect the risk of disease (Whelan et al.,
2008). In this study, most dietitians reported that they would discuss nutrigenetics with
their patients/clients if they had enough knowledge/training. However, levels of knowledge
are not always associated with greater confidence levels and the degree of involvement in
genetics and/or nutritional genomics activities (Collins et al., 2013). This may indicate that
other barriers and factors may affect the confidence and involvement levels of dietitians in
activities related to genetics and/or nutritional genomics. In our study, another important
control belief in predicting the intention was related to the interest of the patient/client in
nutrigenetics, indicating that if patients/clients showed interest, dietitians would have a
greater intention to discuss nutrigenetics with them. It is likely that the interest of the public
in nutrigenetics/nutrigenomics will increase in the future. The availability of direct-to-
consumer (DTC) personalized genomic tests and DTC nutrigenetic tests has increased
during the years 2000 and in 2010 more than 30 DTC companies offered approximately
400 health related tests (Camp & Trujillo, 2014; Bloss ef al., 2011). Most of the consumers
were interested in DTC personalized genomic tests out of curiosity and to increase their
knowledge about their genetic profile (Bloss ef al., 2011). Nielsen et al. (Nielson & El-
Sohemy, 2012) also reported that dietary recommendations based on nutrigenetic tests were
perceived by individuals as more understandable and useful than general dietary

recommendations.

In this study, only one of the normative beliefs, the employers’ approval/disapproval,
influenced the intention of dietitians to discuss of nutrigenetics with their patients/clients.
However, most dietitians mentioned that their employers would currently not approve or
disapprove that they discuss nutrigenetics with their patients/clients. Thus, even if their
employer’s approval/disapproval is important, this may currently not have an important

impact on the intention of dietitians to discuss nutrigenetics with their patients/clients.
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Few dietitians did actually discuss nutrigenetics with their patients/clients in the last three
months (~9%). Only perceived behavioral control contributed to explain part of the
variance in dietitians’ already discussing nutrigenetics with their patients/clients. Thus, it
seems that perceived behavioral control is more important than intention to predict this
behavior among this sample of dietitians. Most dietitians had a slightly low perceived
behavioral control score (-0.53+0.79). The notion of perceived behavioral control, as
described by Ajzen (Ajzen, 2002), refers to the perceived ease or difficulty of performing
the behavior. The fact that only perceived behavioral control is associated with the behavior
may indicate that this behavior is under partial volitional control and that external factors
may have an impact on this behavior (Ajzen, 2002). For example, nutrigenetics is quite a
new concept for dietitians and they may feel that they need «external» aid in obtaining
more education to develop the skills necessary to discuss nutrigenetics with their
patients/clients (Camp & Trujillo, 2014). For example, the lack of professional expertise for
continuing education may be an important external barrier (Rosen et al., 2006). Moreover,
this eventual field of practice in nutrigenetics is still in its infancy. There are many
obstacles to overcome such as ethical considerations and validation of the findings, before
the implementation of nutrigenetics into dietitians’ practice (Camp & Trujillo, 2014;

Gorman et al., 2013).

Limits

The low response rate (5.8%) of this study may limit its generalisation among all dietitians
of the province of Quebec. A previous survey conducted a year earlier by our research
group among dietitians members of OPDQ focusing on more general aspects of
nutrigenomics had a response rate of 13.5% Cormier ef al., 2014). It is possible that our
response rate was lower because dietitians thought that this survey was the same or found a
lack of relevance. As examined by Godin et al. (Godin et al., 2008) studies with 150
participants or more had better prediction capabilities of intention or behavior when using
TPB. Thus, 141 participants were deemed acceptable. Response rates obtained by online
surveys are usually lower than response rates obtained by postal surveys (Shih & Fan,
2009), however they can reach easily with lower costs a wide range of participants.
Moreover, we cannot rule out the possibility of a positive response bias among the
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responders. However, the descriptive characteristics of dietitians who completed this
survey were quite similar to those who had responded our previous survey conducted a year
earlier (Cormier et al., 2014). Still, small differences were noticed, dietitians from this
study had generally less years of experience as dietitians, a greater proportion worked in

clinical nutrition in private settings and a smaller proportion from academic/research area.
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Conclusion

To our knowledge this study is the first to use a theoretical framework such as the TPB to
investigate determinants of dietitians’ intention to discuss nutrigenetics with their
patients/clients and the actual behavior. The intention of the dietitians to discuss of
nutrigenetics with their patients/clients was mostly influenced by their attitude towards the
behavior. Interestingly, only perceived behavioral control had an influence on the behavior
of discussing nutrigenetics with their patients/clients. Dietitians need to overcome many
barriers before they can implement nutrigenetics into their professional practice. The lack
of knowledge and/or training and the interest of the patient/client may be two important
barriers for dietitians to discuss nutrigenetics with the patient/client. Thus, the development

of educational content about nutrigenetics specific for dietitians is needed.
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Table 10.1 Descriptive characteristics of the study population.

Variables n=141
n (%)
Sex (women/men) 134/7
Age
<25 30 (21.3)
26-30 40 (28.4)
31-40 29 (20.6)
41-50 26 (18.4)
>51 16 (11.4)
Level of education
Undergraduate degree in nutrition 92 (66.2)
Master in nutrition 22 (15.8)
Ph.D. in nutrition 2(1.4)
Other graduate studies 18 (12.8)
Years of experience as dietitians
<5 70 (50.7)
6-10 19 (13.8)
11-20 23 (16.7)
>21 26 (18.8)
Area of practice
Clinical nutrition in public health settings 82 (59.4)
Clinical nutrition in private practice 21 (15.2)
Food service management 4(2.9)
Public health nutrition/community nutrition 17 (12.3)
Academic 2 (L.5)
Communications/public relations/journalism 2(1.5)
Research 8 (5.8)
Representation -
Industrial -
Other 2(1.5)
Urban centres
Capitale-Nationale (Quebec City) 35(24.8)
Montreal 39 (27.7)
Monteregie 20 (14.2)
Elsewhere in the province of Quebec 54 (38.3)
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Table 10.2 Internal consistency.

Variables Number of items Alpha coefficients
(Cronbach)
Intention (n=140) 3 .87
Attitude (n=138) 4 .85
Subjective norm (n=141) 3 .65
Perceived behavioural control (n=138) 4 .70
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Table 10.3 Descriptive statistics of the TPB direct constructs and salient beliefs.

Construct Mean SD
Intention (n=140) -0.07 0.92
Attitude (n=138) 0.41 0.65
Subjective norm (n=141) -0.22 0.65
Perceived behavioral control (n=138) -0.53 0.79
Behavioral beliefs

Hard to understand for my patients/clients (n=141) 0.79 1.03
Could help to further personalise dietary 0.92 0.95
recommendations (n=141)

Would increase the efficacy of the dietary interventions 0.57 1.07
(n=140)

Would create a feeling of powerlessness among the 0.16 1.05
patients/clients (n=141)

Would be hard to explain to the patients/clients (n=140) 0.65 1.05
Normative beliefs

Researchers (n=141) 0.50 0.74
Other dietitians (n=141) 0.43 0.64
Employers (n=141) 0.31 0.78
Fellow workers (n=140) 0.30 0.72
Control beliefs

If I had enough knowledge/training (n=141) 0.90 1.02
If my patient/client would be interested (n=141) 0.65 1.23
If I had clinical tools about nutrigenetics (n=141) 1.05 0.90
I would lack time to discuss nutrigenetics (n=141) 0.28 1.15

Means + SD.
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Table 10.4 Correlation matrix of the variables.

Intention Attitude Subjective Behavioral
(n=140) (n=138) norm control
(n=141) (n=138)
Mean -0.07 0.41 -0.22 -0.53
St. Dev. 0.92 0.65 0.65 0.79
Intention -
Attitude 0.74
(<0.0001") -
(n=137)
Subjective norm 0.62 0.65
(<0.0001") (<0.0001") -
(n=140) (n=138)
Behavioral 0.64 0.58 0.52
control (<0.0001") (<0.0001") (<0.0001") -
(n=138) (n=136) (n=138)

P-values were determined using Pearson correlations.
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Table 10.5 Factors influencing the intention to discuss nutrigenetics with the patient/client.

Beliefs

Coefficient p!

P-value!

Behavioral beliefs

Hard to understand for my patients/clients

Could help to further personalise dietary
recommendations

Would increase the efficacy of the dietary
interventions

Would create a feeling of powerlessness among the
patients/clients

Would be hard to explain to the patients/clients

0.05

0.26

0.37

<0.0001

Normative beliefs
Researchers

Other dietitians
Employers

Fellow workers

0.31
0.02

0.0005
0.82

Control beliefs

If I had enough knowledge/training

If my patient/client would be interested
If I had clinical tools about nutrigenetics
I would lack time to discuss nutrigenetics

0.17
0.18

0.008
0.0001

R%?=0.61

'B coefficients and P-values were determined using a multiple linear regression model.
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Figure 10.1 Specified TPB framework for predicting intention and behavior of dietitians to discuss nutrigenetics with the

patient/client.

[ Attitude towards the behavior

B=0.66 X X
(R"=0.63) (R"=0.29)

p=021 NS Behavior (discussin
Subjective norm Behavioral intention s . &
nutrigenetics)

[ Perceived behavioral control

Figure legend. B coefficients were determined using a multiple linear regression
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Conclusion
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Ce projet de doctorat avait pour objectif global d’employer la science de la génomique
nutritionnelle afin de mieux comprendre I’impact de profils alimentaires sur la santé
métabolique et la variabilit¢ de la réponse des facteurs de risque de MCV a une
supplémentation en huile de poisson. La combinaison de plusieurs approches a différents
niveaux d’intégration telles que 1’étude entre autres, de 1’expression génique, des protéines

et des métabolites permet de mieux comprendre les systémes biologiques [238].

Dans ce projet de doctorat, nous avons utilisé I’approche de la biologie des systémes en
observant I’effet des profils alimentaires a deux niveaux, soit sur les profils d’expression
génique (transcriptomique) et sur les profils de métabolites (métabolomique). Autant les
profils d’expression génique que les profils de métabolites étaient différents en fonction des
scores aux profils alimentaires Prudent et Western. Trés peu d’études ont jusqu’a
maintenant observé I’impact de profils alimentaires sur les profils d’expression ou les
profils de métabolites. Jusqu’a maintenant, la di¢te Méditerranéenne a été le type
d’alimentation le plus étudié en lien avec I’expression génique. Les geénes ou les profils
d’expression génique modifiés en lien avec la diete Méditerranéenne sont reliés a des voies
métaboliques telles que la réponse inflammatoire et [’athérosclérose [83-85].
L’inflammation est un point commun aux MCV, au diabéte et au cancer [239]. Divers
composés alimentaires ont ét¢ démontrés comme affectant les concentrations de différents
marqueurs de I’inflammation tels que les protéines encodées par les geénes C-reactive
protein (CRP), tumor necrosis factor alpha (TNFA) et interleukin 6 (IL6) [240,241]. Ces
protéines pro-inflammatoire seraient augmentées entre autres lorsque l’alimentation est
¢levée en sucres ajoutés et/ou en gras saturés [240,241], deux composantes retrouvées dans
le profil alimentaire Western [38]. D’autre part, une alimentation riche en légumes et en
fruits telle que le profil alimentaire Prudent, serait inversement associée aux concentrations
de CRP [240]. Dans le cadre de ce projet de doctorat, les résultats observés corroborent
ceux de la littérature. Nous avons observé que I’expression de genes dans des voies
métaboliques reliées a la réponse inflammatoire, a 1’immunité, au cancer et a
I’athérosclérose était différente en fonction des scores aux profils alimentaires Prudent et
Western. Des associations entre les scores au profil alimentaire Prudent et les

concentrations de CRP et IL6 ont d’ailleurs été remarquées dans la cohorte FAS (n=210).
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Les individus ayant les scores les plus ¢élevés au profil alimentaire Prudent avaient des
concentrations de CRP et IL6 plus basses que les individus ayant des scores bas au profil
alimentaire Prudent (p=0,04 et p=0,05, respectivement) indépendamment de 1’effet de
I’age, du sexe et de I'IMC (données non publiées). Conséquemment, il est possible que les
profils d’expression génique associés aux profils alimentaires aient affecté les
concentrations des protéines inflammatoires (CRP et IL6). 1l a été observé que lorsque des
adipocytes sont exposés a ’acide palmitique, un acide gras saturé, 1’expression du gene /L6
et la production de la protéine IL6 est augmentée, possiblement sous I’influence du facteur
de transcription NFKB [242]. Dans nos résultats, la voie de signalisation de NFKB était
significativement différente chez les femmes en fonction du score au profil alimentaire
Western. De plus, les scores au profil alimentaire Western étaient associés avec un profil de
métabolites caractérisé par des concentrations plus €élevées de certains acides aminés, tels
que les acides aminés aromatiques et ramifiés, et de certains acylcarnitines a courtes
chaines. Lorsque 1I’on examinait les associations isolées des macronutriments avec les
profils de métabolites, ce sont les acides gras saturés qui €taient les plus associés avec le
profil de métabolite caractérisé par la présence d’acides aminés aromatiques et ramifiés de
méme que de certains acylcarnitines a courtes chaines. Dans la littérature, ce type de
signature métabolique tout comme le profil alimentaire Western sont associés a des
conditions telles que I’obésité, le diabete de type 2 de méme qu’a un métabolisme altére,
c’est-a-dire la présence de glucose a jeun ¢élevé, d’hypertension artérielle,
d’hypertriglycéridémie, de C-HDL bas et/ou de résistance a 1’insuline [59,111-113,117-
120,243,244]. Ces conditions sont également associées a la présence d’inflammation
chronique [239]. Conséquemment, un profil de métabolites caractéris¢é par des
concentrations plus élevées d’acides aminés aromatiques et ramifiés et d’acylcarnitines a
courtes chaines pourrait découler de I’impact du profil alimentaire Western sur I’expression
de geénes impliqués dans les voies métaboliques de I’inflammation, de I'immunité, de

I’athérosclérose et du cancer de méme que sur le métabolisme subséquent des protéines.

Outre I’impact de 1’alimentation sur les profils d’expression et de métabolites, la présence
de variations génétiques telles que les SNPs affecte la réponse des individus a divers

composés alimentaires. L’étude de ces phénomenes se nomme nutrigénétique. Dans le
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cadre de ce projet de doctorat, une supplémentation en huile de poisson a été réalisée afin
d’étudier la variabilité interindividuelle de la réponse des facteurs de risque des MCV, plus
particuliérement, la réponse des concentrations de TG. L’effet hypotriglycéridémiant de
I’huile de poisson est bien connu [245]. Notre équipe de recherche s’est penchée sur
différentes voies métaboliques afin de mieux comprendre la variabilité¢ interindividuelle
observée dans la réponse des concentrations de TG suite a la supplémentation en huile de
poisson. L’huile de poisson, dont les principaux constituants sont I’AEP et ’ADH, des
AGPI n-3 a trés longues chaines, a des impacts a de nombreux niveaux. Entre autres, les
AGPI n-3 a trés longues chaines, s’incorporent dans les parois des membranes cellulaires
affectant la fluidit¢é des membranes cellulaires [212]. Ces types d’acides gras sont
également des précurseurs des eicosanoides, des dérivés ayant des propriétés anti-
inflammatoires [212]. Les AGPI n-3 de méme que leurs dérivés sont des ligands des
facteurs de transcriptions nommés PPARs et affectent I’expression d’autres facteurs de

transcriptions tels que le géne SREBF1 [211].

Les résultats de ce projet de doctorat démontrent que la variabilité génétique présente dans
certains génes impliqués dans la voie de la lipogénése de novo, spécifiquement ACLY et
ACACA, affecterait la réponse des concentrations de TG a la supplémentation en huile de
poisson. Il a été observé que I’expression de ces deux genes est diminuée chez des rats
recevant une alimentation contenant des AGPI n-3 sous forme de phospholipides [246]. De
plus, ’AEP et ’ADH ont tous deux pour effet de diminuer 1’expression du géne SREBF I,
le facteur de transcription régulant la lipogénése de novo [128]. D’ailleurs, une diminution
de la lipogénese de novo a été observée chez des rats suite a une supplémentation en huile
de poisson en calculant la proportion de nouveaux lipides produits par le foie et ne
provenant pas de la dicte [247]. Dans le cadre de ce projet, nous n’avons toutefois pas
observé de changements dans les niveaux d’expression du géne SREBF'I. 1l est possible que
la mesure de I’expression du gene SREBFI dans les PBMCs comme substitut a la mesure
directe de ’expression dans les cellules hépatiques puisse expliquer cette absence de
différence. Effectivement, cet effet des AGPI sur ’expression du geéne SREBFI a été
observé dans les cellules hépatiques [25,248]. Toutefois, une étude observant 1’effet de

I’atorvastatine, un médicament hypocholestérolémiant, sur I’expression du géne SREBFI a
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observé une diminution des concentrations d’ARMm dans les PBMCs suite a la prise de
10mg/jour durant quatre semaines d’atorvastatine [249]. Liu et collaborateurs [250] ont
observé que 83% des genes exprimés dans le foie I’étaient également dans les PBMCs, ce
qui en fait un substitut intéressant et moins invasif que la mesure directe de I’expression
dans les cellules du foie. De plus, I’état de santé métabolique pourrait affecter les
changements observés dans les niveaux d’expression génique. Il a été observé que la
mesure des niveaux d’expression du géne SREBFI dans les PBMCs reflétait adéquatement
les changements alimentaires chez des rats d’un groupe contrdle et que ces différences
n’étaient pas observables chez des rats obéses [251]. Schmidt et collaborateurs [252] ont
plutdt observé que les différences dans I’expression génique mesurée dans les cellules
sanguines entieres (whole blood) des genes reliés au métabolisme des lipides étaient plus
marquées chez des hommes dyslipidémiques comparativement aux hommes normo-
lipidémiques suite a une supplémentation de 6 semaines de 2,7g/jour d’AEP+ADH. La
mesure de ’expression génique dans les cellules sanguines entiéres et dans les PBMCs
serait comparable pour les genes reliés aux facteurs de risque des MCV [253]. Ces résultats
indiqueraient que la mesure de I’expression du géne SREBFI dans les PBMCs constituerait
un substitut valide & la mesure de I’expression directe dans les cellules hépatiques.
Conséquemment, il est possible que tel que dans 1I’étude de Schmidt et collaborateurs [252],
les changements d’expression génique chez des individus normo-lipidémiques suite a une
supplémentation en huile de poisson soient trop infimes pour étre observables et qu’en
¢tudiant des participants dyslipidémiques, une différence dans les niveaux d’expression

génique aurait été observée.

Le facteur de transcription SREBP1 régule également la voie métabolique de la glycolyse
[254]. Par contre, contrairement a ce qui avait été observe il y a de cela quelques années
[255], SREBP1 ne semble pas nécessaire a 1’activation de GCK, une enzyme limitante qui
convertit le glucose en glucose-6-phosphate [254]. Malgré tout, étant donné la corrélation
positive entre 1’activité de la lipogénese de novo et ’activité de GCK, le géne GCK était un
candidat potentiellement intéressant a étudier en lien avec la réponse des concentrations de
TG suite a une supplémentation en huile de poisson. De plus, dans le foie, les genes GCK et

SREBF1 sont tous deux activés par I’action de I’insuline [256]. Dans le cadre de ce projet
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de doctorat, nous avons observé un effet d’interaction geéne-dicte, entre le gene GCK
(rs741038) et les apports alimentaires en glucides, affectant la réponse des concentrations
de TG suite & la supplémentation en huile de poisson. Etant donné les corrélations positives
existant entre les concentrations d’ARNm du géne GCK, la lipogénése de novo et les
concentrations de TG hépatiques, nos résultats indiquent que la variabilité génétique
présente dans le géne GCK en fonction des apports alimentaires en glucides affecterait la
réponse des TG suite a une supplémentation en huile de poisson [257]. Le mécanisme exact
expliquant cette association n’est pas connu. Il est possible que I’impact de la variabilité
génétique du géne GCK dans la réponse des TG soit en lien avec I’effet de 1’huile de
poisson sur la sensibilit¢ a I’insuline. Toutefois, ’effet de I’huile de poisson sur les
concentrations d’insuline, la sensibilit¢ a D’insuline et le diabete de type 2 demeure
controversé [258]. Dans le cadre de ce projet de recherche, les concentrations d’insuline de
méme que la sensibilité a I’insuline n’ont pas ét¢ modifiées tandis que les concentrations de
glucose ont légérement augmenté suite a la supplémentation en huile de poisson. Tel que
mentionné précédemment, bien que les niveaux d’expression du géne SREBFI sont
demeurés inchangés suite a la supplémentation en huile de poisson, la variabilité¢ génétique
présente dans le géne SREBF] était associée avec la réponse des concentrations d’insuline a
jeun et la sensibilité a I’insuline. Conséquemment, il est possible que la présence de
différents SNPs dans le géne SREBFI module I’impact de 1’huile de poisson et ainsi
modifie I’activation du géne SREBF'I et la voie de la lipogénése de novo. Ces changements
moduleraient a leur tour la sensibilit¢ a 1’insuline hépatique et également la sécrétion
pancréatique d’insuline selon une théorie nommeée lipotoxicité [259,260]. La lipotoxicité
découle d’une accumulation d’acides gras et leurs intermédiaires dans les tissus non-
adipeux [261-263]. Par exemple, I’augmentation de la présence d’acides gras dans le foie
pourrait augmenter le stress oxydatif et le stress au niveau du réticulum endoplasmique
[263]. Au niveau du pancréas, I’exposition des cellules béta aux acides gras pourrait
engendrer un stress oxydatif au niveau du réticulum endoplasmique et éventuellement

conduire a I’apoptose [262].

Outre la voie métabolique de la lipogénése de novo, nous avons également étudié la voie de

la béta-oxydation des acides gras qui serait augmentée suite a la prise d’huile de poisson, ce
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qui aurait pour effet de diminuer la disponibilité des acides gras pour la synthese des TG et
leur sécrétion subséquente sous la forme de particules VLDL [165]. Contrairement a notre
hypothese de départ, aucune association entre des SNPs présents dans des genes impliqués
dans la voie de la béta-oxydation des acides gras et la réponse des TG plasmatiques suite a
la supplémentation en huile de poisson n’a été observée. Toutefois, lorsque les apports
alimentaires en gras totaux, saturés et polyinsaturés ont été considérés, des effets
d’interaction géne-di¢te ont pu étre constatés, principalement pour le géne RXRA. Ce géne
encode une protéine qui forme un hétérodimere avec le facteur de transcription PPARA et
ensuite régule ’activité de nombreux genes impliqués dans le transport des acides gras a
travers la membrane cellulaire, I’activation des acides gras, I’oxydation des acides gras, la
cétogénese, 1’entreposage des TG et la lipolyse [264]. Conséquemment, bien que les effets
d’interaction gene-dicte observés sur la réponse des TG suite a la supplémentation en huile
de poisson soient possiblement dus a une augmentation des voies mitochondriale et
peroxisomale de la béta-oxydation des acides gras, il n’est pas exclut que ces effets soient
également dus a I'impact de I’hétérodimere PPARA-RXRA sur d’autres voies
métaboliques. Par exemple, plusieurs genes cibles du facteur de transcription PPARA sont
impliqués dans la synthése des TG tels que les génes glycerol-3-phosphate acyltransferase,
mitochondrial (GPAM) et diacylglycerol O-acyltransferase 1 (DGATI) [264]. D’ailleurs,
des résultats de notre équipe de recherche, démontrent un effet d’interaction géne-dicte
entre la supplémentation en huile de poisson et le géne GPAM affectant les concentrations
de TG [265]. De plus, le facteur de transcription PPARA module ¢galement la clairance des
lipoprotéines riches en TG. Entre autres, PPARA diminue [!’expression du gene
apolipoprotein C-1II (APOC3), un inhibiteur majeur de la lipoprotéine lipase (LPL) et
augmente 1’expression du geéne apolipoprotein A-V (APOA5) qui régule positivement la

LPL [264].

Ce projet de doctorat a examiné entre autres I’impact de la variabilité génétique de genes
modulés par les facteurs de transcriptions SREBF1 et PPARA. Toutefois, d’autres facteurs
de transcription pourraient étre intéressants a étudier en lien avec la réponse des
concentrations de TG suite a une supplémentation en huile de poisson. Par exemple, le

facteur de transcription MLX interacting protein-like (MLXIPL), plus communément appelé
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carbohydrate responsive element-binding protein (ChREBP), se fixe aux ¢éléments de
réponse nommés carbohydrate response element et module 1’expression de genes
impliqués dans le transport du glucose, la glycolyse, la lipogénese de novo, 1’¢longation et
la désaturation des acides gras de méme que la syntheése des TG [211,266]. Les facteurs de
transcription liver X receptors (LXRs) encodés par les genes NRIH3 et NRIH2,
respectivement LXRA et LXRB, sont régulés par les oxystérols et des dérivés du
métabolisme du cholestérol mais également par les acides gras [267]. Ces derniers régulent
I’activité de nombreux génes qui sont impliqués dans les métabolismes du cholestérol, des
lipides de méme que de I’homéostasie du glucose [267]. D’autres facteurs de transcription
potentiellement impliqués dans la réponse des concentrations de TG a I’huile de poisson
seraient forkhead box Ol (FOXOI) et forkhead box O3 (FOXO3). 1l a été observé que
I’expression de ces deux facteurs de transcription était diminuée par ’ADH [268]. Le
facteur de transcription FOXO1 entre autres régule 1’expression du geéne de I’APOC3 [268].
L’effet des AGPI n-3 sur le métabolisme des lipides pourrait également étre partiellement
médié par leurs impacts sur les microARNs, qui sont de courts fragments d’ARN non-
codante régulant 1’expression génique [269]. Il a été observé que I’ADH régulait
I’expression de microARNs modulant I’expression de nombreux geénes impliqués dans le

métabolisme des lipides et du cancer [269].

Mis a part I’approche des génes candidats, nous avons également étudié¢ certains SNPs
identifiés préalablement lors d’un GWAS [270]. Les GWAS permettent d’étudier de
nouvelles associations entre des SNPs et un trait en particulier, dans le cas présent, le statut
de répondeur ou non-répondeur a une supplémentation en huile de poisson. Brievement, les
répondeurs et les non-répondeurs avaient été classifiés en fonction de la réponse relative
des concentrations de TG suite a la supplémentation en huile de poisson (répondeur<0% et
non-répondeur>0%). Treize SNPs avaient été identifiés dans I’étude GWAS menée dans la
cohorte FAS [270]. De ces treize SNPs, quelques associations ont été observées avec les
concentrations de TG et d’AGPI n-3 total de méme que ’AEP et ’ADH dans les
phospholipides du plasma dans la cohorte INFOGENE. INFOGENE est une cohorte ou
aucune supplémentation en huile de poisson n’a ¢été fournie aux participants.

Conséquemment, la présence d’associations dans cette cohorte avec les SNPs identifiés
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précédemment renforce le fait que des SNPs prés ou a l’intérieur des génes NELLI,
NXPHI, SLIT2, JADEI et/ou IQCJ-SCHIPI peuvent affecter les concentrations de TG soit
directement ou par le biais d’effets d’interaction geéne-di¢te de méme que les concentrations
d’AGPI n-3 dans les phospholipides du plasma. Les fonctions de ces geénes en lien avec le
métabolisme des AGPI n-3 et des lipides sanguins sont encore trés peu connues,
conséquemment davantage d’études devront étre réalisées pour avoir une meilleure vision

d’ensemble.

Bien que les travaux décrits précédemment fussent essentiels, ce projet de doctorat n’aurait
pas été complet sans un volet d’application des connaissances. L’application des
connaissances permet entre autres le transfert et 1’utilisation optimale de I’information issue
des recherches scientifiques vers les professionnels de la santé ou encore la population.
Dans le cadre de ce projet, nos travaux se sont concentrés sur 1’étude des déterminants de
I’intention et du fait de réaliser le comportement pour les diététistes du Québec de discuter
de nutrigénétique avec leurs patients/clients. Nos résultats ont démontré que I’attitude des
diététistes était déterminante dans leur intention de discuter de nutrigénétique avec le
patient/client. Toutefois, la perception de contrdle et la norme subjective s’averent
également des déterminants significatifs de l’intention des diététistes de discuter de
nutrigénétique avec leurs patients/clients. Un autre aspect intéressant €tait que seule la
perception de controle affectait le comportement de discuter de nutrigénétique avec le
patient/client. Conséquemment, la perception de contrdle serait un point a clé a travailler
éventuellement afin de permettre aux diététistes de discuter adéquatement de nutrigénétique
avec leurs patients/clients. La création d’un outil tel qu’une boite a décision [271]
spécifique pour les diététistes pourrait contribuer a ameéliorer la perception de controle des
diététistes. La boite a décision, telle que décrite par Giguere et collaborateurs [271], est un
outil intéressant qui permettrait de donner des lignes de conduite aux diététistes afin de
pouvoir discuter de maniere éclairée de nutrigénétique avec le patient/client. Giguere et
collaborateurs [271], utilisent d’ailleurs cet outil afin de faciliter la prise de décision
partagée des médecins avec les patients ce qui pourrait aussi s’avérer intéressant pour le fait
de discuter de nutrigénétique. Ruth DeBusk, une diététiste et chercheure des Etats-Unis, a

récemment publié quelques considérations pour les cliniciens reliées a I’utilisation des tests
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de nutrigénétique pour leurs patients [272]. De plus, des formations devront étre
disponibles pour les diététistes puisqu’un élément clé ressortant de ce projet était tout
comme dans la littérature, le manque de connaissances et de formation des diététistes en
lien avec la nutrigénétique [29,30,32,217]. Des connaissances de base en génétique, des
exemples concrets en nutrigénétique de méme qu’un état des avancées en génomique
nutritionnelle pourraient étre inclus dans ces formations. Dans les prochaines années, les
diététistes entendront parler davantage de génomique nutritionnelle, nutrigénomique et de
nutrigénétique. Par exemple, le test de nutrigénétique de la compagnie Nutrigenomix est
déja offert via des diététistes a travers 19 cliniques de la province de Québec et également a
travers le Canada, les Etats-Unis, en Amérique du Sud, en Europe, en Asie et en Australie

[231].

I1 est important de considérer les limites de ce projet de doctorat. Un des aspects relevés par
les réviseurs de certains articles scientifiques présentés dans cette thése était 1’absence d’un
groupe controle ne recevant pas la supplémentation en huile de poisson. Toutefois, dans le
cadre de ce projet bien qu’un groupe contrdle aurait permis de créer un modele statistique
intégrant D’effet d’interaction du groupe (avec ou sans supplémentation), 1’effet
hypotriglycéridémiant de 1’huile de poisson est selon nous suffisamment bien documenté
afin de présumer que la diminution des concentrations de TG observée dans le cadre de ce
projet était due a la prise de ’huile de poisson et non un effet dii a un autre changement par
exemple, dans les habitudes alimentaires ou d’activité physique. Conséquemment, nous
avons pu étudier les impacts de la présence de différents SNPs sur la réponse a la
supplémentation en huile de poisson. L’absence d’un groupe contrdle a également permis
d’obtenir une cohorte contenant un nombre plus élevé de participants sans toutefois élever
les coftits pour le volet clinique de 1’étude. Une autre limite de 1’étude a mon avis était le fait
que les participants de ce projet avaient des concentrations de TG de départ en moyenne de
1,2340,64mmol/L ce qui est considéré comme étant des valeurs normales [273]. Etant
donné que D’effet hypotriglycéridémiant de I’huile de poisson est fortement dépendant des
valeurs de départ [165], il est possible qu’en étudiant des individus ayant un profil plus
fortement détérioré, davantage d’associations auraient pu étre observées. Dans le cadre de

ce projet de recherche, des participants ayant un IMC entre 25 kg/m? et 40 kg/m? ont été
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recrutés et I'IMC moyen était de 27,88 +3,78 kg/m?. 1l est possible que les participants de
ce projet ayant un IMC moyen les classant dans la catégorie de surplus de poids, n’avaient
pas un profil métabolique suffisamment altéré. Par exemple, trés peu de changements dans
les niveaux d’expression des génes habituellement relatés dans la littérature comme étant

affectés par la prise d’huile de poisson ont été observés.

Globalement, ce projet de recherche a permis de mettre en lumiére que selon les profils
alimentaires, les profils d’expression génique de méme que de métabolites sont différents.
A mon avis, I’alimentation habituelle et le profil génétique d’un individu a un impact
majeur sur son métabolisme. Le fait de s’alimenter selon un certain profil alimentaire
affecte le métabolisme bien avant que 1’on voit des répercussions sur les marqueurs
traditionnels du risque de MCV ou d’autres maladies chroniques. Le fait que le
métabolisme soit plus ou moins altéré affectera également le niveau de réponse a I’huile de
poisson. L’alimentation est d’ailleurs, un déterminant majeur en ce qui a trait a la
prévention des risques de MCV et de cancer. Un des résultats intéressants fut I’impact de la
présence de SNPs dans des genes de la voie de la lipogénese de novo sur la réponse des
concentrations de TG suite a la supplémentation en huile de poisson. Cette voie
métabolique, bien que ne contribuant pas directement aux TG qui sont incorporés dans les
particules VLDL, est importante et a un impact crucial tant au niveau hépatique que du
pancréas. Ce projet de doctorat a mis en lumiere que des effets d’interaction gene-diéte
affectent la réponse a un autre nutriment, dans ce cas-ci 1’huile de poisson.
Conséquemment,  I’approche  nutritionnelle =~ optimale  pour un  individu
hypertriglycéridémique serait potentiellement la prise d’huile de poisson avec en plus la
modification de ses habitudes alimentaires. Du c6té nutrigénétique, bien que ce projet
démontre des associations entre des SNPs et la réponse a une supplémentation en huile de
poisson, le pourcentage de variance expliqué par chacun des SNPs est faible et n’aurait
potentiellement pas une réelle utilité clinique. Toutefois, I’équipe de recherche poursuit ces
travaux afin de construire un modéle de prédiction qui expliquerait avec plusieurs SNPs un
maximum de variance dans la réponse des concentrations de TG a la supplémentation en
huile de poisson. Conséquemment, suite a I’élaboration de ce modele prédictif, il sera fort

intéressant de tenter de le répliquer dans une nouvelle cohorte de participants recevant une
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supplémentation en huile de poisson. Cette cohorte pourrait étre constituée d’individu ayant
un IMC légeérement plus élevé, par exemple 30 kg/m? a 40 kg/m? et les participants
pourraient étre recrutés sur la base du tour de taille qui est fortement associé¢ aux
concentrations de TG [274]. Ces travaux de recherche combinés a des travaux d’application
des connaissances contribueront a éventuellement intégrer la génomique nutritionnelle a la

pratique des diététistes.

En conclusion, 1’alimentation affecte notre métabolisme dés 1’expression des génes et cela
se refléte dans les profils de métabolites. Toutes ces modifications sur le métabolisme de
méme que le profil génétique des individus affectent la réponse a une supplémentation en
huile de poisson. La génomique nutritionnelle permet et permettra d’approfondir nos
connaissances du métabolisme de base et des déterminants du développement des maladies
chroniques reliées a 1’alimentation. Les diététistes devront étre adéquatement préparées a

intégrer les connaissances issues de cette science a leur pratique professionnelle.
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