el UNIVERSITE

g LAVAL

Lkl L)

Alimentation et inflammation : considérations
épidémiologiques, cliniques et métaboliques

Theése

Marie-Eve Labonté

Doctorat en nutrition
Philosophiae Doctor (Ph.D.)

Québec, Canada

© Marie-Eve Labonté, 2015






RESUME

L’inflammation systémique et chronique dite « de faible intensité » est un ¢élément clé du
développement et de la progression de plusieurs désordres métaboliques tels que
I’athérosclérose, le diabete de type 2 et les maladies cardiovasculaires. De plus en plus
d’évidences suggerent que I’alimentation jouerait un réle de premier plan dans la
modulation du profil inflammatoire, mais plusieurs questions demeurent non résolues a ce
jour. Ainsi, ’objectif global du présent projet de doctorat était d’étudier I’'impact de
I’alimentation sur DI’inflammation et ses mécanismes sous-jacents en utilisant trois
approches expérimentales, soit 1) une approche épidémiologique, 2) une approche clinique
et 3) une approche métabolique. L’alimentation a elle-méme été étudiée sous différents
angles incluant de simples nutriments (acides gras, dont les oméga-3), des aliments
(produits laitiers) et des profils alimentaires reflétant I’alimentation dans sa globalité. En
premier lieu, nous avons évalué les associations entre divers facteurs nutritionnels (oméga-
3 et profils alimentaires) et le profil inflammatoire chez deux nations autochtones du Nord-
du-Québec. Ces populations ont été choisies étant donné la forte et récente augmentation de
la prévalence de plusieurs désordres métaboliques chez celles-ci parallelement a un
important phénomene de transition nutritionnelle. De facon globale, nos travaux
démontrent que ’alimentation des Cris de la Baie-James et des Inuits du Nunavik semble
exercer une influence non significative sur leur profil inflammatoire. En second lieu, nous
avons réalis¢é une étude d’intervention nutritionnelle randomisée controlée portant sur
I’impact de la consommation de produits laitiers sur 1’inflammation ainsi qu’une revue
systématique de la littérature sur le sujet. Il ressort de ces travaux que la consommation de
produits laitiers dans le cadre d’une alimentation saine n’exerce aucun effet défavorable sur
le profil inflammatoire. En troisiéme lieu, nous avons réalis¢ deux études d’intervention
nutritionnelle randomisées controlées, congcues selon un devis en chassé-croisé, qui
suggerent que la consommation de divers acides gras, dont des acides gras oméga-3
d’origine marine, influence peu ou pas I’expression de génes inflammatoires dans le sang
de sujets avec obésité abdominale ou dans le duodénum d’hommes obeses et atteints du
diabéte de type 2. Bref, d’aprés I’ensemble des présents travaux, 1’alimentation

influencerait peu I’inflammation.






ABSTRACT

Low-grade systemic inflammation is a key etiological factor in the development and
progression of several multifactorial disorders including atherosclerosis, type 2 diabetes
and cardiovascular diseases. Increasing evidence suggests that diet significantly modulates
the inflammatory profile. However, several questions about this topic remain unanswered at
this time. The major aim of the present PhD project was to study the impact of diet on
inflammation and its underlying mechanisms by using three different experimental
approaches, namely 1) an epidemiological approach, 2) a clinical approach and 3) a
metabolic approach. Diet also has been studied from various angles including nutrients
(dietary fatty acids, such as omega-3), foods (dairy products) and dietary patterns reflecting
diet as a whole. First, we assessed the associations between different nutritional factors
(omega-3 and dietary patterns) and circulating inflammatory biomarkers in two Aboriginal
nations from Northern Quebec. These nations were selected based on the considerable and
recent increase in the prevalence of several metabolic disorders in these populations in
conjunction with an important nutrition transition. Overall, our work indicates that the diet
of the James Bay Cree and Nunavik Inuit populations appears to exert only a trivial
influence on their inflammatory profile. Second, we conducted a randomized crossover
controlled nutrition intervention study assessing the impact of dairy product consumption
on inflammation as well as a systematic review of the literature on this topic. Our work
suggests that consumption of dairy products as part of a healthy diet has no adverse effect
on the inflammatory profile. Third, we conducted two randomized crossover controlled
nutrition intervention studies which showed that the consumption of different dietary fatty
acids, including omega-3 fatty acids from marine sources, exerts little or no influence on
the expression of inflammatory genes in whole blood cells of individuals with abdominal
obesity or in duodenal cells of obese men with type 2 diabetes. Taken together, our various

works presented here suggest that diet has a minor influence on inflammation.
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Le Dr Benoit Lamarche et le Dr Patrick Couture ont participé a la conception de cette
recherche systématique de la littérature et supervisé sa réalisation. La Dre Sophie
Desroches, professeure agrégée a I’Ecole de nutrition de 1’Université Laval, a également
contribué¢ a la mise en ceuvre et a la réussite de ce projet sur la base de son expertise

reconnue dans le domaine des revues systématiques. La Dre Caroline Richard, qui était

XXIX



étudiante au doctorat en nutrition sous la direction du Dr Lamarche au moment de la
réalisation de ce projet, a participé a la recherche systématique de la littérature et a

I’analyse du risque de biais a I’intérieur de chaque étude.

Chapitre 9
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Il est important de souligner que je partage le statut de premier auteur de cette publication
avec une ancienne ¢étudiante a la maitrise dans 1’équipe Lamarche, Audrey Cyr. En effet,
Audrey a grandement participé au volet clinique de cette étude d’intervention. Elle a aussi
réalis¢ le premier jet de I’article a partir des résultats relatifs a la comparaison des
concentrations des biomarqueurs inflammatoires a la fin de chacune des dictes (diete riche
en produits laitiers vs di¢te témoin). Ce premier jet a fait ’objet de son mémoire de
maitrise. Ma contribution a ce projet aura d’abord été de fournir de I’aide a Audrey pour la
réalisation des analyses préliminaires. Une fois la maitrise d’Audrey terminée, j’ai pris en
charge le reste des analyses du projet. J’ai ré-analysé les données concernant les
concentrations des biomarqueurs inflammatoires a la fin de chacune des dictes avec le
nombre final de participants. J’ai effectué¢ les analyses concernant la variation des
concentrations des biomarqueurs inflammatoires a I’intérieur de chacune des dictes
(variations « post- moins pré-di¢te » ou « within-diet variations »). Au laboratoire, j’ai
participé a ’extraction de 1’acide ribonucléique (ARN) provenant d’échantillons sanguins
d’un sous-groupe de participants en vue de la mesure de [’expression de genes
inflammatoires dans les cellules sanguines complétes (« whole blood ») a la fin de chacune
des diétes, puis j’ai analysé ces données. J’ai finalement réalis¢ la derniére ébauche de
I’article en intégrant 1’ensemble des résultats obtenus, ce qui a nécessité des ajouts,
modifications et mises a jour dans toutes les sections allant de I’introduction a la
conclusion. J’ai apporté¢ d’autres modifications a I’article suite a sa révision par les
coauteurs, avant sa soumission, puis j’ai effectué les révisions requises par les réviseurs de

la revue scientifique avant qu’il soit accepté pour publication.
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Le Dr Benoit Lamarche, le Dr Patrick Couture et le Dr Peter J Jones, directeur du
Richardson Centre for Functional Foods and Nutraceuticals (RCFFN) de 1’Université du
Manitoba, a Winnipeg, ont participé a la conception de ce projet d’intervention
nutritionnelle multicentrique. Le Dr Couture était également responsable du volet médical
du projet. La Dre Marie-Claude Vohl, professeure titulaire a I’Ecole de nutrition de
I’Université Laval, a contribué a ce projet sur la base de son expertise dans le domaine de la
génomique. Marie-Claude Lépine, professionnelle de recherche a I'INAF, ainsi que
Mohammad M. Abdullah, étudiant au doctorat sous la direction du Dr Jones au RCFFN,
ont coordonné le volet clinique de 1’étude en collaboration avec Audrey Cyr. Je remercie le
personnel infirmier de 1’Unité d’investigation clinique de I'INAF, Steeve Larouche,
Danielle Aubin et Myriam Bouchard, de méme que le personnel infirmier au RCFFN,
pour leurs soins précieux envers les participants. Je remercie aussi Johanne Marin,
professionnelle de recherche a I'INAF, pour les analyses de laboratoire. Finalement, merci
aux stagiaires et étudiant(e)s qui ont contribué entre autres a la saisie de données et a la

préparation des produits fournis aux participants.

Chapitre 12

Baril-Gravel L, Labonté ME, Couture P, Vohl MC, Charest A, Guay V, Jenkins DA,
Connelly PW, West S, Kris-Etherton PM, Jones PJ, Fleming JA, Lamarche B.
Docosahexaenoic acid-enriched canola oil increases adiponectin concentrations: A

randomized crossover controlled intervention trial. Nutr Metab Cardiovasc Dis.

2015;25:52-59.

Il est important de souligner que je partage ici aussi le statut de premier auteur de la
publication avec une ancienne ¢tudiante a la maitrise dans I’équipe Lamarche, Lisa Baril-
Gravel. En effet, Lisa a grandement participé au volet clinique de cette étude. Elle a aussi
réalis¢ le premier jet de I’article a partir des résultats relatifs a la comparaison des
concentrations des biomarqueurs inflammatoires a la fin de chacune des 5 dictes
expérimentales (ces dictes seront décrites plus tard). Ce premier jet a fait 1’objet de son
mémoire de maitrise. Mon implication aura d’abord été de contribuer a I’occasion a la
réalisation du volet clinique de I’é¢tude et de fournir de 1’aide a Lisa pour la réalisation des

analyses préliminaires. Une fois la maitrise de Lisa terminée, j’ai pris en charge le reste des
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analyses du projet. J’ai ré-analysé les données concernant les concentrations des
biomarqueurs inflammatoires a la fin de chacune des dictes expérimentales avec le nombre
final de participants. Au laboratoire, j’ai participé a 1’extraction de I’ARN provenant
d’échantillons sanguins d’un sous-groupe de participants en vue de la mesure de
I’expression de génes inflammatoires dans les cellules sanguines complétes a la fin de
chacune des dietes, puis j’ai analysé ces données. J’ai finalement réalisé la derniére
¢bauche de I’article en intégrant I’ensemble des résultats obtenus, ce qui a nécessité des
ajouts, modifications et mises a jour dans toutes les sections allant de 1’introduction a la
conclusion. J’ai apporté d’autres modifications a I’article suite a sa révision par les co-
auteurs, avant sa soumission, puis j’ai effectué¢ les révisions requises par la revue

scientifique avant qu’il soit accepté pour publication.

Le Dr Peter J Jones, lc Dr Patrick Couture, le Dr Benoit Lamarche, le Dr David JA
Jenkins de la St-Michael’s Hospital de I’Université de Toronto, le Dr Philip W Connelly
¢galement de la St-Michael’s Hospital de 1I’Université de Toronto, la Dre Sheila West de
Pennsylvania State University (PennState) de méme que la Dre Penny Kris-Etherton de
PennState ont participé a la conception de ce vaste projet d’intervention nutritionnelle
multicentrique. Le Dr Couture était également responsable du volet médical du projet du
coté de I'INAF. La Dre Marie-Claude Vohl a contribu¢ a ce projet sur la base de son
expertise dans le domaine de la génomique. Amélie Charest et Valérie Guay,
professionnelles de recherche, ont coordonné le volet clinique de 1’étude du c6té de I'INAF
en collaboration avec Lisa Baril-Gravel. Jennifer A Fleming a quant a elle coordonné le
volet clinique du projet du coté¢ de PennState. Je remercie le personnel infirmier de 1’Unité
d’investigation clinique de I'INAF, Steeve Larouche, Danielle Aubin et Myriam
Bouchard, pour leurs soins précieux envers les participants. Je remercie aussi Johanne
Marin pour les analyses de laboratoire. Un énorme merci aux techniciennes de la cuisine
métabolique de ’'INAF, Sandra Gagnon, Stéphanie Ouellet, Marie-Pier Devost, Emilie
Martel, Catherine Blouin, qui ont préparé les aliments fournis aux participants. Merci
aussi aux coordonnateurs, personnel infirmier, personnel de laboratoire et personnel
de la cuisine métabolique des autres centres qui ont pris part a ce projet. Finalement,
merci a tous les stagiaires et étudiant(e)s qui ont contribué¢ entre autres a la saisie de

données et a la préparation des repas fournis aux participants.
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Chapitre 13

Labonté ME, Couture P, Tremblay AJ, Hogue JC, Lemelin V, Lamarche B.
Eicosapentaenoic and docosahexaenoic acid supplementation and inflammatory gene

expression in the duodenum of obese patients with type 2 diabetes. Nutr J. 2013;12(1):98.

Le volet clinique étant déja terminé au moment ou mon implication dans ce projet a débutg,
mes taches auront principalement consisté en I’analyse et 1’interprétation des données, puis
la rédaction de ’article scientifique en tant que principale auteure. J’ai également apporté
des modifications a I’article suite a sa révision par les coauteurs, avant sa soumission, puis
j’ai effectué les révisions requises par les réviseurs de la revue scientifique avant qu’il soit

accepté pour publication.

Le Dr Patrick Couture, le Dr Benoit Lamarche ainsi que la Dre Valéry Lemelin,
gastro-entérologue au Centre hospitalier de I’Université Laval, ont congu le projet a la base
de ces travaux. La Dre Lemelin a réalisé les biopsies nécessaires a la mesure de
I’expression de genes dans le duodénum. Le Dr Lamarche a quant a lui également contribué
a Danalyse et l’interprétation des données. Le Dr André Tremblay, professionnel de
recherche a ’INAF, et le Dr Jean-Charles Hogue, professionnel de recherche a I'INAF au
moment de la réalisation de cette étude, ont coordonné le volet clinique et participé a la
collecte de données. Je remercie enfin les infirmieres de recherche Marjolaine Lapointe et

Danielle Aubin pour leurs soins précieux envers les participants.
Annexe B

Labonté ME, Dewailly E, Chateau-Degat ML, Couture P, Lamarche B. Population-based
study of high plasma C-reactive protein concentrations among the Inuit of Nunavik. /nt J

Circumpolar Health. 2012;71:19066. doi: 10.3402/ijch.v7110.19066.

Ma contribution a cet article de méme que celle de mes coauteurs est essentiellement la
méme que dans la description fournie plus haut en lien avec les articles constituant les

chapitres 4 et 5 de la présente these.
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Note concernant les publications non incluses dans ma theése

Je tiens enfin a souligner ma participation, au tout début de mon doctorat, a la rédaction de
deux articles scientifiques en tant que principale auteure qui ne font toutefois pas partie de
ma thése. Premiérement, j’ai rédigé un article intitulé « Validity and reproducibility of a
web-based, self-administered food frequency questionnaire » qui est publi¢ dans la revue
European Journal of Clinical Nutrition (Labonté et al. 2012;66(2):166-73). J’ai eu
I’opportunité de coordonner toutes les étapes de ce projet, ce qui fait que je le considére en
quelque sorte comme « mon bébé ». Au cours de mon baccalauréat, j’ai entre autres
participé au développement du questionnaire de fréquence alimentaire web (choix des
questions a inclure, création d’une base de données nutritionnelles) en partenariat avec des
programmeurs en informatique. J’ai aussi pris en charge I’étude de validation elle-méme
(approbation a 1’éthique, recrutement des participants, collecte de données). Au cours de
ma maitrise, en « sideline » de mon projet officiel, j’ai réalisé 1’analyse et 1’interprétation
des données issues de 1’étude de validation. Au début de mon doctorat, j’ai terminé les
analyses, rédigé ’article de validation et pris en charge les révisions demandées par les
réviseurs de la revue scientifique. Je suis fiere d’avoir contribué a la conception de cet outil
d’évaluation alimentaire bilingue et automatis€¢ maintenant utilis¢é par de nombreux

chercheurs a I’'INAF ainsi que dans d’autres institutions de recherche a travers le Canada.

Le deuxieme article qui ne fait pas partie de ma these s’intitule « Adding MUFA to a
dietary portfolio of cholesterol-lowering foods reduces apoAl fractional catabolic rate in
subjects with dyslipidaemia ». Cet article est publié dans la revue British Journal of
Nutrition (Labonté et al. 2013;110(3):426-36). Ma contribution aura principalement
consisté en 1’analyse et I’interprétation des données sur la cinétique des apolipoprotéines
Al, B100 et B48 en réponse a la consommation de diétes portfolio composées d’aliments
hypocholestérolémiants avec un contenu soit faible ou élevé en acides gras monoinsaturés.
Jai également rédigé 1’article en entier, puis j’ai pris en charge les révisions requises par
les coauteurs et par les réviseurs de la revue scientifique. Cette étude aura permis de mieux
comprendre les mécanismes par lesquels 1’ajout d’acides gras monoinsaturés a une dicte
reconnue pour abaisser les concentrations plasmatiques de cholestérol peut potentialiser

davantage ses effets hypocholestérolémiants.
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INTRODUCTION GENERALE

Les maladies chroniques d’origine multifactorielle telles que le diabéte de type 2, le cancer
et les maladies cardiovasculaires (MCV) représentent un lourd fardeau économique pour
les pays industrialisés et le Québec n’échappe pas a cette situation. Selon le Conference
Board du Canada, en 2013, les colts totaux de six maladies chroniques (cardiopathies
ischémiques, maladies vasculaires cérébrales, maladie pulmonaire obstructive chronique,
cancer du poumon, hypertension artérielle et diabéte) ont été évalués a 8,1 G$ dans notre
« Belle Province » (1). On reconnait de plus en plus I’existence d’un état pathologique
sous-jacent commun a I’ensemble des désordres métaboliques multifactoriels :
I’inflammation systémique et chronique dite « de faible intensité » (2) (Figure I). Le fait
que l’inflammation systémique soit associée au développement et a la progression de
plusieurs désordres métaboliques multifactoriels dénote 1I’importance de s’attarder a cette
condition dans le but ultime de viser une amélioration de 1’état de santé des individus. On
reconnait aussi de plus en plus, comme j’aurai 1’occasion d’en discuter au prochain
chapitre, qu’un des facteurs clés dans la modulation du profil inflammatoire serait
I’« alimentation » au sens large (3). Ainsi, en tant que nutritionniste, il m’apparaissait fort
pertinent d’étudier la grande thématique de I’alimentation et de I’inflammation dans le

cadre de mon doctorat.

Athérosclérose /
MCV

Syndrome

A Inflammation Bk X
N meétabolique

Diabéte de type 2

Figure I : L’inflammation : point commun de plusieurs désordres métaboliques d’origine
multifactorielle. Création personnelle inspirée de [Darticle de Scrivo et al (2).
Abréviations : MCV, maladies cardiovasculaires.



La présente these est divisée en 15 chapitres. Pour le moment, notez simplement que le
chapitre 1 présente un portrait global de I’inflammation incluant, entre autres, les différents
types d’inflammation et les facteurs influengant le profil inflammatoire. Cette vue
d’ensemble m’ameéne ensuite a vous présenter, au chapitre 2, la problématique générale de
mon projet de doctorat. En effet, j’y révele I’objectif général du projet, I’hypothese qui s’y
rattache et le cadre méthodologique retenu. C’est donc au cours de ce chapitre que
j’introduirai les chapitres 3 a 14 qui, comme vous le constaterez, sont divisés en 3 volets.

Enfin, le chapitre 15 constitue la conclusion générale de ma these.



CHAPITRE 1 : ’INFLAMMATION

1.1 Les différents types d’inflammation

L’inflammation se définit de prime abord comme une réponse physiologique normale de
I’organisme contre une agression telle qu’une infection ou une lésion corporelle (blessure,
brilure, irritation) afin de rétablir I’homéostasie aux sites infectés ou endommagés (4). De
fagon typique, la survenue de I’agression entraine ’activation de récepteurs du systéme
immunitaire inné tels que les récepteurs de type Toll (TLR ; « Toll-like receptors »), ce qui
mene a la libération de médiateurs chimiques pro-inflammatoires (5, 6). La libération de
ces molécules entraine une augmentation du débit sanguin vers le site de 1’agression ainsi
qu’une augmentation de la perméabilité capillaire (7). Ce phénomeéne survient dans le but
que les acteurs du systéme immunitaire arrivent a maitriser la source de I’agression et le
tout se traduit en I’apparition des cinq signes classiques de 1’inflammation aigué : la
rougeur, la chaleur, la tuméfaction, la douleur et la perte de fonction (6, 8). Une fois
I’agresseur « maitrisé », un processus d’autorégulation nommé résolution de
I’inflammation se met en branle (8, 9). Ce processus implique la sécrétion de molécules
anti-inflammatoires et de médiateurs lipidiques pro-résolutifs (traduction libre de « pro-
resolving lipid mediators ») dont les roles sont de protéger les organes de 1’hote contre de
possibles dommages « collatéraux », d’activer la réparation des tissus et de promouvoir la
clairance des débris cellulaires et/ou microbiens issus de la réaction inflammatoire (8, 9).
Bref, il faut retenir que I'inflammation est, a la base, une réaction aigué, localisée et
finement autorégulée, dont la source est généralement exogeéne et dont les effets sont

ultimement protecteurs.

Toutefois, certains états de déséquilibre peuvent mener a 1’inflammation chronique, dont
les effets sont généralement pathologiques (7, 8). Ces états de déséquilibre incluent la perte
d’efficacité du processus d’autorégulation de I’inflammation aigué, le dysfonctionnement
du systétme immunitaire (réactions auto-immunes) ou le dysfonctionnement de certains
tissus et organes induisant alors une libération continue de stimuli inflammatoires
endogenes (7, 8). On distingue deux types d’inflammation chronique : un premier type est

I’inflammation chronique dite « franche », un terme employé par certains chercheurs



pour désigner les maladies inflammatoires chroniques a composante auto-immune
s’accompagnant de manifestations cliniques évidentes ainsi que d’¢élévations marquées des
concentrations de biomarqueurs inflammatoires dans la circulation systémique (ex : arthrite
rhumatoide, maladies inflammatoires de 1’intestin, psoriasis) (8). Le deuxiéme type est
I’inflammation chronique dite « de faible intensité» (« low-grade inflammation »),
souvent qualifiée de « silencieuse » puisqu’elle ne s’accompagne pas de manifestations
cliniques évidentes. De plus, 1’¢lévation des concentrations de biomarqueurs
inflammatoires dans la circulation systémique est modeste comparativement aux conditions
associées a I’inflammation chronique « franche » (8). Tel qu’annoncé en introduction,

I’inflammation systémique et chronique de faible intensité fait 1’objet de la présente thése.
1.2 Sources de ’inflammation

Le profil inflammatoire se traduit par I’expression d’une panoplie de biomarqueurs
provenant de diverses sources. De maniére simplifiée, comme 1’illustre la Figure 1.1, la
paroi vasculaire, les cellules immunitaires telles que les macrophages ainsi que le tissu
adipeux sécrétent des cytokines pro-inflammatoires, une famille de peptides qui inclut entre
autres les interleukines (IL-6, IL-1P) et le facteur de nécrose tumorale (TNF-a ; « tumor
necrosis factor alpha ») (10). La sécrétion de cytokines stimule la production hépatique de
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Figure 1.1 : Sources des biomarqueurs inflammatoires. Abréviations : CRP, protéine
C-réactive ; IL, interleukine ; SAA, protéine amyloide A sérique ; TNF-a, facteur de
nécrose tumorale alpha.



protéines de phase aigué incluant le fibrinogeéne, la protéine amyloide A sérique (SAA ;
« serum amyloid A ») et la protéine C-réactive (CRP, « C-reactive protein »), cette derniére
¢tant ’'un des biomarqueurs inflammatoires les plus étudiés a I’heure actuelle (10). Ensuite,
il importe de souligner que le tissu adipeux sécréte non seulement des molécules pro-
inflammatoires, mais aussi des molécules anti-inflammatoires, comme 1’adiponectine (11,

12).

Le tissu adipeux, dans le contexte de I’obésité, jouerait un role crucial en ce qui a trait a
I’établissement et au maintien d’un état inflammatoire chronique de faible intensité (3). Les
concentrations de la CRP et de plusieurs cytokines incluant I’IL-6, I’IL-8, le TNF-a et le
facteur chimiotactique MCP-1 (« monocyte chemoattractant protein-1 ») sont en effet plus
élevées chez les individus obéses que chez les individus de poids normal (13-15). A
I’inverse, les concentrations de l’adiponectine sont généralement plus faibles chez les
individus obéses que chez les individus de poids normal (16). Cette association, qui peut
sembler paradoxale a premiere vue, serait potentiellement attribuable au fait que les
adipocytes hypertrophiés auraient une capacité réduite de synthétiser 1’adiponectine (17).
Ensuite, notons que la perte de poids entraine une diminution des concentrations de la CRP
et des cytokines pro-inflammatoires (14, 18-20) et une augmentation des concentrations

d’adiponectine (16, 20).

Outre la quantité totale de tissu adipeux, sa distribution dans le corps humain est un facteur
important a considérer en lien avec 1’inflammation chronique de faible intensité. L’ obésité
abdominale serait associée aux concentrations de la CRP indépendamment de 1’indice de
masse corporelle (IMC) (21). Le tissu adipeux viscéral produirait par ailleurs de 2 a 3 fois
plus d’IL-6 que le tissu adipeux sous-cutané (22, 23), possiblement en raison d’une plus
grande accumulation de macrophages dans le compartiment viscéral (24). En effet, le tissu
adipeux est un tissu « hétérogéne » composé non seulement d’adipocytes, mais aussi
d’autres cellules telles que les cellules immunitaires (3). Bien que les adipocytes aient eux-
mémes la capacité de produire certaines cytokines comme I’IL-6 et le TNF-a (22, 25), il est
important de reconnaitre qu’une part considérable des cytokines pro-inflammatoires
produites par le tissu adipeux dans le contexte de 1’obésité proviendrait de I’infiltration et

de I’accumulation d’un grand nombre de macrophages (26, 27). Ce phénoméne surviendrait



en réponse a I’hypoxie des adipocytes hypertrophiés (28). Les macrophages
s’accumuleraient principalement autour des adipocytes morts par nécrose afin d’éliminer

les débris cellulaires (29).
1.3 Description des biomarqueurs inflammatoires

Parmi les nombreux biomarqueurs inflammatoires existants, la présente section vise a
fournir davantage de détails sur ceux qui ont été principalement évalués dans le cadre de

mes travaux, c’est-a-dire la CRP, I’IL-6, le TNF-a et I’adiponectine.

D’abord, tel que mentionné a la section précédente, la CRP est une protéine de phase aigué
principalement synthétisée et ¢liminée par le foie (30). Les fonctions principales de la CRP
semblent reliées a I’immunité innée et a I’élimination des débris cellulaires (31). La CRP a
en effet la capacité de se lier a un éventail de ligands incluant des constituants de la paroi
cellulaire de microorganismes (phosphocholine a la surface de bactéries ou de mycetes),
des lipoprotéines modifi¢es, des cellules nécrotiques et des cellules apoptotiques (31, 32).
La liaison de la CRP a un ligand entraine alors 1’activation de la voie classique du
complément (complexe antigéne-anticorps), puis [’opsonisation et la phagocytose des

microorganismes ou des matériaux cellulaires (31, 32).

Chez les individus en santé, dans des circonstances physiologiques normales, les
concentrations sériques de la CRP sont trés faibles avec une valeur médiane qui a été
estimée a 0,8 mg/L (31). De telles concentrations nécessitent que la CRP soit mesurée a
partir de méthodes de dosage dites « ultra-sensibles » (33), d’ou I’utilisation répandue du
terme hs-CRP (« high-sensitivity C-reactive protein »). En présence d’une infection, ses
concentrations peuvent toutefois augmenter jusqu’a 1000 fois (31). Mis a part la présence
d’une infection bactérienne, bien d’autres stimuli (brilures, chirurgie, stress et facteurs
environnementaux) peuvent entrainer une augmentation des concentrations de la CRP dans
la circulation systémique, ce qui en fait un marqueur non spécifique de 1’inflammation (31,
34). Malgré tout, la hs-CRP est généralement « LE » biomarqueur utilisé pour catégoriser
I’inflammation systémique et chronique de faible intensité. Les concentrations de la hs-
CRP sont souvent classifiées sur la base de trois catégories : < 1,0 mg/L ; 1,0 a 3,0 mg/L ; >

3,0 mg/L (35). Ces catégories équivalent respectivement a un risque « faible », « modéré »



ou « ¢élevé » de MCYV et représentent les tertiles de distribution approximatifs de la hs-CRP
dans la population américaine adulte (35). Ces tertiles furent déterminés en 2003 dans un
atelier conjoint des Centers for Disease Control and Prevention et de I’American Heart
Association, a partir de données obtenues dans plus de 15 populations représentant plus de
40 000 individus (35). De plus, des concentrations plus grandes que 10 mg/L sont
généralement considérées comme indicatrices d’une inflammation aigué (35) ou, selon
certains chercheurs, comme des concentrations « au-dela d’un stade de faible intensité »
(8). Ces ¢léments expliquent donc que I’inflammation chronique de faible intensité soit
souvent définie comme des valeurs de la hs-CRP entre 3 et 10 mg/L. A d’autres occasions,
on observe une valeur seuil plus grande ou égale a 2,0 mg/L pour parler d’inflammation
chronique de faible intensité associée a un haut risque cardiovasculaire. Ce seuil est basé
entre autres sur les résultats de 1’étude JUPITER (« Justification for the Use of Statins in
Prevention: An Intervention Trial Evaluating Rosuvastatin ») (36). Cette étude a en effet
démontré que la prise de rosuvastatine (20 mg/j) avait réduit de 44% le taux d’incidence
d’un premier événement cardiovasculaire majeur comparativement a un placebo chez des
hommes et des femmes avec de faibles concentrations de cholestérol des lipoprotéines de
faible densité (LDL ; « low density lipoprotein » ; < 3,4 mmol/L), mais des concentrations
de la hs-CRP de 2,0 mg/L ou plus (36). Notez que je reviendrai sur 1’association entre la hs-

CRP (I’inflammation) et le risque cardiovasculaire a la prochaine section.

L’IL-6 est quant a elle une cytokine sécrétée par les cellules immunitaires
(monocytes/macrophages), les cellules endothéliales, le tissu adipeux et méme le tissu
musculaire (8, 37). En plus d’activer la synthése de protéines de phase aigué, I’IL-6 joue un
role dans la réaction immunitaire adaptative en stimulant la différentiation des lymphocytes
B (37). L’IL-6 jouerait également un role dans le métabolisme des lipides en stimulant la
libération des triglycérides/acides gras par le tissu adipeux (8, 38) et en régulant a la baisse
la lipoprotéine lipase (38). Il a par ailleurs été démontré qu’un polymorphisme dans le géne
de I'IL-6, occasionnant une diminution des concentrations circulantes de cette cytokine,

serait associ¢ a une amélioration de la sensibilité a I’insuline (39).

De fagon similaire a I'[L-6, le TNF-0 est une cytokine sécrétée par les cellules

immunitaires (monocytes/macrophages), les adipocytes, les cellules endothéliales et les



cellules musculaires (8, 37). Le TNF-a contribuerait entre autres a 1’apoptose cellulaire (8,
37). Le TNF-a stimulerait également 1’expression de molécules d’adhésion cellulaire par
les cellules endothéliales (37, 40). Il est aussi suggéré que le TNF-a contribuerait au
développement de la résistance a I’insuline en inhibant D’activité tyrosine-kinase du

récepteur de I’insuline dans le muscle et dans le tissu adipeux (41, 42).

L’adiponectine est une hormone du tissu adipeux dont les concentrations sanguines sont
généralement élevées, soit entre 3 et 30 pg/mL (12). Dans le foie et dans le muscle
squelettique, 1’adiponectine améliore 1’utilisation du glucose et la sensibilité a I’insuline et
stimule 1’oxydation des acides gras (12, 43). L’adiponectine posséde aussi plusieurs
propriétés anti-inflammatoires (44). Entre autres, elle a la capacité¢ de moduler le phénotype
des macrophages en atténuant [’expression de macrophages de type MI1 (pro-
inflammatoires) en faveur de I’expression de macrophages de type M2 (anti-
inflammatoires) (45). Dans le méme ordre d’idées, elle stimule la production de 1I’'IL-10
(46), une cytokine anti-inflammatoire préférentiellement produite par les macrophages de
type M2 (44). Elle inhibe DI’activation du facteur de transcription NF-kB (« nuclear
transcription factor kappa B ») (47, 48), qui est 'une des principales voies de régulation de
la réponse inflammatoire (49, 50). L’adiponectine a par ailleurs la capacité d’inhiber la
transformation de macrophages en cellules spumeuses (51), ce qui lui confére des

propriétés antiathérogenes.
1.4 Inflammation, athérosclérose et maladies cardiovasculaires

Tel que mentionné en d’autres termes dans I’introduction générale, des concentrations
¢levées de biomarqueurs pro-inflammatoires comme la hs-CRP, I’IL-6 ou le TNF-a et des
concentrations abaissées de biomarqueurs anti-inflammatoires comme 1’adiponectine ont
été associées au risque de plusieurs désordres métaboliques d’origine multifactorielle
incluant le diabéte de type 2 (52-55), I’hypertension (56), le cancer (57-59) et les MCV (60-
66). Parmi ces désordres métaboliques, je désire aborder un peu plus en profondeur la
relation entre I’inflammation et les MCV, en passant aussi par leur principale cause sous-

jacente, I’athérosclérose.



Il est maintenant reconnu que I’inflammation joue un réle crucial a tous les stades de
I’athérosclérose, en contribuant a I’initiation de la Iésion athérosclérotique, a 1’évolution de
la plaque athéromateuse, a sa rupture, puis a la formation d’un thrombus pouvant

ultimement engendrer un événement cardiovasculaire clinique (67, 68).

En accord avec cette « théorie inflammatoire » de I’athérosclérose, les résultats provenant
d’études réalisées dans plus de 30 cohortes différentes au cours des 20 derniéres années
suggerent que les biomarqueurs inflammatoires, et plus particulierement la hs-CRP,
prédiraient de facon indépendante le risque d’événements cardiovasculaires futurs (69).
Une méta-analyse du groupe Emerging Risk Factors Collaboration a d’ailleurs démontré
qu’une augmentation de 3 fois des concentrations de la hs-CRP (correspondant a un écart-
type) serait associée a une augmentation de l’ordre de 27 a 55% du risque de
coronaropathie, d’accident vasculaire cérébral (AVC) et de mortalité d’origine vasculaire et
non vasculaire (Tableau 1.1) (70). La magnitude de I’augmentation du risque de
coronaropathie en lien avec la hs-CRP (37%) est autant sinon plus importante que celle
calculée pour une augmentation d’un écart-type de la pression sanguine systolique (35%) et
du cholestérol non HDL (soustraction entre le cholestérol total et celui provenant des

lipoprotéines de haute densité ou « high density lipoproteins ») (28%).

Tableau 1.1 : Pourcentages d’augmentation du risque de coronaropathie, d’AVC et de
mortalité d’origine vasculaire et non vasculaire associés a une augmentation de 3 fois des
concentrations de la hs-CRP (70)

M¢ta-analyse

Nombre Nombre Augmentation du risque
d’études de cas associée a une augmentation
considérées considérés de 3 fois des concentrations
de la hs-CRP ?
Coronaropathie 31 5373 37%
Accident vasculaire cérébral 15 1931 27%
ischémique
Mortalité d’origine vasculaire 23 1544 55%
Mortalité d’origine non vasculaire 26 4599 54%

? Calculs ajustés pour I’age, le sexe, 1’étude, la tension artérielle systolique, le tabagisme,
I’histoire de diabete de type 2, 'IMC, les triglycérides, le cholestérol sanguin (total, non
HDL, HDL) et la consommation d’alcool.



Toutefois, on ne peut passer sous silence 1’existence de certains éléments de controverse
entourant la relation entre la hs-CRP et/ou I’inflammation et les MCV. Entre autres,
certains membres de la communauté scientifique s’interrogent sur la valeur ajoutée de la
hs-CRP dans la prédiction d’un premier événement cardiovasculaire. Ils basent leur
argumentaire sur les résultats de plusieurs études ayant démontré que la hs-CRP améliore
peu ou pas la prédiction du risque cardiovasculaire au-dela des facteurs de risque

« traditionnels » (ex : age, tabagisme) (71).

L’implication de la hs-CRP en tant que facteur causal du processus athérothrombotique est
par ailleurs remise en question par les résultats de récentes analyses de randomisation
mendélienne (71). Des polymorphismes du géne de la CRP ont été associés a des
concentrations plus élevées de la protéine et, par le fait méme, « théoriquement » associés
au risque de coronaropathie (72-74). En réalité, cependant, ces polymorphismes ne
montraient aucune association avec le risque de coronaropathie. Selon les auteurs, ces
données suggerent donc 1’absence d’une association causale (72-74). Au contraire, d’autres
¢tudes supportent la présence d’une association causale entre la voie de signalisation du
récepteur de I’IL-6 et la coronaropathie (75, 76). Des polymorphismes du récepteur de I’IL-
6 ont en effet été associés a de plus faibles concentrations plasmatiques de la hs-CRP ainsi

qu’a un risque réduit de maladie coronarienne (75, 76).

Il y a aussi un débat a savoir si la réduction de I’inflammation entraine réellement une
réduction du risque cardiovasculaire indépendamment de la réduction des concentrations de
cholestérol LDL. Par exemple, la populaire étude JUPITER dont il fut question
précédemment a démontré que de réduire de 37% les concentrations de la hs-CRP a I’aide
d’une statine chez des sujets ayant des concentrations initiales de 2,0 mg/L ou plus
diminuait le risque cardiovasculaire (36). Par contre, il faut aussi reconnaitre dans I’étude
JUPITER que la prise de statines a entrainé une réduction des concentrations du cholestérol
LDL (-50%) (36), ce qui constitue en fait le role principal de cette classe de médicaments.
Ainsi, aucune étude sur les statines ne permet de tester formellement la « théorie
inflammatoire » de 1’athérosclérose (77). 11 est intéressant de noter que deux études utilisant
des thérapies anti-inflammatoires ont récemment été initiées afin de tenter d’éclaircir la

question : 1’é¢tude CANTOS (Canakinumab Anti-Inflammatory Thrombosis Qutcomes

10



Study) (78) et I’é¢tude CIRT (Cardiovascular Inflammation Reduction Trial) (79). 11 s’agit
de deux études de prévention secondaire qui visent respectivement a évaluer 1I’impact du
canakinumab (un inhibiteur de I’'IL-1B) et du méthotrexate (un anti-inflammatoire utilisé
dans le traitement de I’arthrite rhumatoide et du psoriasis) sur le risque d’événements

cardiovasculaires chez des sujets présentant un profil pro-inflammatoire.
1.5 Facteurs associés au profil inflammatoire

Il a été mis en évidence a la section 1.2 que le statut pondéral module grandement le profil
inflammatoire. D’autres facteurs reliés a 1’ethnie, a la physiologie ou bien aux habitudes de
vie ont aussi été associés a des variations dans les concentrations de biomarqueurs
inflammatoires. Puisque la présente thése porte sur I’alimentation et I’inflammation, ces
facteurs seront brieévement décrits en les classifiant en tant que « non nutritionnels » ou
« nutritionnels ». Il importe de souligner que la liste des différents facteurs, qu’ils soient

nutritionnels ou non, n’est pas exhaustive.
1.5.1 Facteurs non nutritionnels

D’abord, 1’origine ethnique/la génétique semble avoir un impact sur le profil
inflammatoire. Par exemple, aux Etats-Unis, les Afro-Américains présenteraient des
concentrations plus élevées de la hs-CRP et de I'IL-6 et des concentrations plus faibles

d’adiponectine que les Caucasiens, indépendamment du statut pondéral (80-83).

Ensuite, on note des différences de sexe dans les concentrations sanguines de
biomarqueurs inflammatoires. Les concentrations de la hs-CRP sont généralement plus
¢levées chez les femmes que chez les hommes (80, 84-88), ce qui serait en partie
attribuable aux cestrogeénes (85). Cette piste d’explication est d’ailleurs supportée par
I’observation de concentrations plus élevées de la hs-CRP chez les femmes post-
ménopausées utilisant une thérapie de remplacement hormonal comparativement a celles
n’utilisant pas cette thérapie (81, 89-92). D’aprés Cartier et al. (88), une plus grande
accumulation de tissu adipeux sous-cutané chez les femmes que chez les hommes pourrait
également expliquer la différence sexuelle dans les concentrations de la hs-CRP.

Paradoxalement, les concentrations de cytokines pro-inflammatoires (IL-6, TNF-a) seraient
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plus faibles chez les femmes que chez les hommes (93), possiblement a cause d’un effet
inhibiteur des cestrogénes sur 1’expression des genes de ces cytokines (94, 95). Les
concentrations d’adiponectine semblent aussi plus élevées chez les femmes que chez les
hommes (12, 96). Dans ce cas, les plus grandes concentrations d’androgénes chez les

hommes entraineraient une diminution de la production d’adiponectine (97).

Plusieurs études suggerent que le vieillissement (I’age) est positivement associé aux
concentrations sanguines de biomarqueurs inflammatoires incluant la hs-CRP (98-100),
I’'IL-6 (98, 101-103) et le TNF-a (99, 101, 102, 104). On observe parfois que cette
association ne semble pas totalement indépendante de la présence d’autres facteurs associés
a I’inflammation (ex : tabagisme, sédentarit¢, consommation d’alcool) ou bien de la
présence de certaines maladies chroniques (ex : MCV, diabéte, cancer) (98). Une hypothése
a tout de méme été émise comme quoi I’état inflammatoire chronique de faible intensité
chez les individus agés serait potentiellement attribuable a une exposition cumulée a divers
stimuli inflammatoires tout au long de la vie, entrainant alors une baisse de I’efficacité des

mécanismes impliqués dans le processus de résolution de I’inflammation (105).

Le tabagisme est un autre facteur positivement associé aux concentrations de biomarqueurs
pro-inflammatoires tels que la CRP et I'[L-6 (106-110). 11 est suggéré que 1’état
inflammatoire chronique induit par le tabagisme puisse persister jusqu’a 10 a 20 ans apres
la cessation tabagique (111). De plus, la nicotine ainsi que les dérivés réactifs de 1’oxygene
(« reactive oxygen species ») formés suite a la consommation de produits du tabac
pourraient inhiber I’expression du géne de 1’adiponectine et sa sécrétion par les adipocytes

(112).

De nombreuses études observationnelles ont rapporté une association inverse entre la
pratique d’activité physique (évaluée en terme de fréquence et/ou d’intensité) (113-119)
ou la consommation maximale d’oxygene (VO: max) (120-123) et les concentrations
sanguines de biomarqueurs pro-inflammatoires, dont principalement la hs-CRP. Par contre,
cette association pourrait étre dépendante, du moins en partie, du statut pondéral (115, 118).
Les conclusions d’une revue de la littérature de Beavers et al. (124) qui regroupe les
résultats d’études d’intervention randomisées contrdlées vont essentiellement dans le méme

sens. On y mentionne que I’entrailnement aérobie serait potentiellement le plus efficace
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pour améliorer le profil inflammatoire, particulierement chez les individus présentant des
concentrations initiales élevées de biomarqueurs inflammatoires ou bien chez les individus

dont la pratique d’activité physique s’accompagne d’une légere perte de poids.
1.5.2 Facteurs nutritionnels

Un grand nombre d’études transversales, d’études de cohorte prospectives et d’études
d’intervention ont a ce jour permis d’établir que la qualité de I’alimentation est associée au
profil inflammatoire. Certaines études se sont attardées a des composantes spécifiques de
I’alimentation comme des micronutriments, des macronutriments ou des aliments, alors que
d’autres études ont plutdt évalué I’alimentation dans son ensemble. Voici quelques constats

qui ressortent actuellement de la littérature scientifique.
Micronutriments

Plusieurs ¢études de nature transversale suggerent que les apports alimentaires en
magnésium seraient fortement et inversement associés aux concentrations de biomarqueurs
pro-inflammatoires, méme aprés ajustement pour de multiples variables potentiellement
confondantes incluant des facteurs nutritionnels (125-128). Par contre, ces €tudes ne
permettent pas d’établir de relation de cause a effet entre des apports augmentés en

magnésium et une amélioration du profil inflammatoire.

Chez des participants de la Framingham Offspring Study, il a été observé que le statut en
vitamine K, tel que mesuré par les concentrations plasmatiques ainsi que par les apports
alimentaires en phylloquinone, était inversement associ¢é a un score inflammatoire
regroupant 14 biomarqueurs dont la hs-CRP, I'IL-6, le TNF-a et le MCP-1 (129). En
accord avec ces résultats, des études in vitro ou dans des modeles animaux ont suggéré que

la vitamine K pourrait réduire la production de cytokines pro-inflammatoires (130, 131).

Aprés avoir mis en commun les résultats de nombreuses études de nature observationnelle
et d’intervention, Calder et al. (3) ont conclu que la vitamine C, la vitamine E et les
caroténoides seraient tous des facteurs nutritionnels potentiellement anti-inflammatoires,
avec des effets particuliérement notables chez certains sous-groupes d’individus comme les

obéses ou les diabétiques.
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Macronutriments

Du coté des glucides, il semble que I'index glycémique et/ou la charge glycémique
seraient positivement associés aux concentrations de la hs-CRP (132, 133) et inversement
associés a I’adiponectine (134). Dans le méme ordre d’idées, une récente méta-analyse
regroupant des études d’intervention randomisées contrélées suggere que des dictes avec un
index/charge glycémique faible devraient étre favorisées par rapport aux dictes avec un
index/charge glycémique élevé dans le but de réduire les concentrations de biomarqueurs

pro-inflammatoires comme la hs-CRP (135).

Plusieurs études transversales ont rapporté des associations inverses entre la consommation
de fibres et les concentrations de la hs-CRP (127, 136-138). En accord avec ces
observations, une revue de la littérature incluant sept études d’intervention a indiqué, sur la
base de six des sept études, que les concentrations de la hs-CRP pouvaient étre réduites de
I’ordre de 25 a 54% suite a I’augmentation de la consommation de fibres (> 3,3 g/MJ)
(139). Toutefois, les auteurs soulignent que les réductions de la hs-CRP ont été observées
en présence d’une perte de poids dans la plupart des études évaluées. Les auteurs
mentionnent également qu’évaluer les effets indépendants de la consommation de fibres sur
la hs-CRP n’était pas I’objectif principal des études retenues (sauf peut-étre dans un cas) et

qu’il n’¢était pas possible de distinguer les effets des fibres solubles et des fibres insolubles.

Des nutriments particulierement d’intérét en lien avec I’inflammation sont les acides gras
alimentaires, qui se différencient principalement en fonction de leur degré d’insaturation :
les acides gras saturés (AGS), les acides gras monoinsaturés (AGMI), les acides gras
polyinsaturés (AGPI) et les acides gras insaturés (AGMI ou AGPI) de configuration trans
(AGT). Les AGPI se subdivisent a leur tour en deux familles, les oméga-3 et les oméga-6,
en fonction de la position de la premiere double liaison (3° ou 6° carbone) a partir de
I’extrémité méthyle (CH3) de leur chaine hydrocarbonée. D un point de vue mécanistique,
il est suggéré que les acides gras ont la capacité d’activer ou d’inhiber certains processus
inflammatoires (140-142). Par exemple, les AGS peuvent se lier a des récepteurs du
systéme immunitaire comme les récepteurs TLR4 et ainsi activer la voie de signalisation de
NF-«B qui, & son tour, régule a la hausse I’expression de génes pro-inflammatoires (141-

143) (Figure 1.2). Toutefois, de la confusion demeure dans la littérature scientifique quant
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aux effets de différents acides gras sur les processus pro- et anti-inflammatoires chez

I’humain. J’aurai I’occasion d’en discuter en détail plus tard.

AGS
N

/ \
> TLR4 N
cytosol
IKK
I-]CB/NF -kB Génes inflammatoires

*

Figure 1.2 : Représentation simplifiée de ’activation de la voie de signalisation de NF-kB
et de I’expression de génes pro-inflammatoires suite a la liaison des acides gras saturés aux
récepteurs TLR4. Création personnelle inspirée de I’article de Baker et al (141).
Abréviations : AGS, acides gras saturés ; [-kB, protéine inhibitrice de NF-xB ; IKK,
complexe enzymatique (I-xB kinase) ; NF-kB, facteur de transcription nucléaire kappa-B ;
TLR4, récepteur de type 1o/l 4

Aliments

Une récente revue de la littérature suggere, sur la base d’études épidémiologiques, que
chaque portion consommée de produits céréaliers a grains entiers serait associée a une
diminution de 7% des concentrations de la hs-CRP aprés ajustement pour d’autres facteurs
nutritionnels (144). Toutefois, les études d’intervention nutritionnelle n’arrivent pas a
démontrer clairement que la consommation de produits céréaliers a grains entiers exerce

des effets bénéfiques sur les concentrations de biomarqueurs pro-inflammatoires (144).

Considérant les effets potentiellement anti-inflammatoires des vitamines C et E, des

caroténoides et des fibres, il n’est pas surprenant de constater que les fruits et 1égumes
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exerceraient eux aussi des effets bénéfiques sur le profil inflammatoire (3). Une étude chez
des hommes non-fumeurs a démontré que la consommation de 8 portions/jour de fruits et
légumes riches en caroténoides pour 4 semaines entrainait une réduction des concentrations

de la hs-CRP comparativement a la consommation de 2 portions/jour (145).

Quelques études se sont attardées spécifiquement aux liens entre la consommation de
viande rouge et l’inflammation. Une étude transversale réalisée chez des femmes
iraniennes agées de 40 a 60 ans a montré que les concentrations de la hs-CRP étaient 38%
plus élevées chez celles se situant dans le plus haut quintile de consommation de viande
rouge comparativement aux femmes dans le plus bas quintile aprés ajustement pour de
possibles facteurs confondants (146). Une étude randomisée réalisée selon un devis en
parallele dans un contexte isoénergétique a quant a elle démontré que la consommation de
200 g/jour de viande rouge maigre pendant 8 semaines en remplacement d’aliments riches
en glucides n’avait aucun effet sur les concentrations de protéines de phase aigué€ (hs-CRP,

SAA, fibrinogene) chez 60 hommes et femmes non-fumeurs (147).

Il a été¢ démontré que la consommation de boissons sucrées (c’est-a-dire avec sucre ajouté,
incluant entre autres les boissons gazeuses avec ou sans caféine, les boissons aux fruits et la
limonade) était positivement associée aux concentrations de la hs-CRP, de I’'IL-6 et des
récepteurs TNF de type 1 et 2 chez les participants de la Health Professionals Follow-Up
Study, sans toutefois €tre associée a 1’adiponectine (148). En accord avec ces résultats, une
étude d’intervention nutritionnelle randomisée, en chassé-croisé, réalisée chez 29 hommes
en santé a montré que la consommation durant 3 semaines de 600 mL/jour de boissons
sucrées comprenant différentes quantités (40 ou 80 g) de fructose, de glucose ou de sucrose
augmentait de I’ordre de 60 a 109% les concentrations de la hs-CRP comparativement aux
valeurs initiales (valeurs mesurées au tout début de I’étude), tout en n’ayant aucun effet sur

les concentrations d’adiponectine (149).

Une relation en forme de U semble clairement présente entre la consommation de
breuvages alcoolisés (notamment le vin ou la bi¢re) et I’inflammation chronique de faible
intensité (3). Les effets les plus protecteurs correspondraient a la prise d’une a deux

consommations par jour. Cependant, on ne sait pas a I’heure actuelle si ces effets
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protecteurs sont principalement attribuables au contenu en alcool ou bien, dans le cas

particulier du vin rouge, a certaines composantes telles que les composés phénoliques (3).
Alimentation globale

Les profils alimentaires (traduction de « dietary patterns », parfois aussi appelés « patrons
alimentaires ») sont des facteurs nutritionnels qui intégrent la consommation de plusieurs
aliments ou groupes d’aliments et qui reflétent donc I’alimentation dans sa globalité (32,
150). Globalement, deux types d’approches permettent I’identification de profils
alimentaires en épidémiologie nutritionnelle : 1) une approche a priori, caractérisée par le
calcul de scores ou d’indices basés sur des caractéristiques nutritionnelles prédéterminées
comme les recommandations alimentaires (ex : « Healthy Eating Index ») et 2) une
approche a posteriori, ou exploratoire, dans laquelle les profils sont identifiés au moyen de
procédures statistiques a partir de données sur la consommation alimentaire recueillies dans
une population donnée (« data-driven approach») (151, 152). Une récente revue
systématique de la littérature a regroupé les résultats de 46 études ayant identifi¢ des profils
alimentaires par ’'une ou ['autre des approches décrites ci-haut (153). Cette revue
systématique supporte les conclusions de précédentes revues (non-systématiques) de la
littérature (3, 32) comme quoi les profils alimentaires de type « Prudent », caractérisés
principalement par la consommation de fruits et légumes, de produits céréaliers a grains
entiers et de poisson, sont associés a un profil inflammatoire favorable (concentrations plus
faibles de biomarqueurs inflammatoires comme la hs-CRP et I’IL-6 et concentrations plus
élevées de biomarqueurs anti-inflammatoires comme 1’adiponectine). A 1’inverse, les
profils alimentaires de type « Western », caractérisés entre autres par la consommation
de viande rouge, de viande transformée, de produits céréaliers raffinés, de boissons
alcoolisées, de sucreries et de boissons gazeuses, sont associés a un profil inflammatoire

défavorable (153).

Dans le méme ordre d’idées, les individus adoptant une alimentation de type
végétarienne auraient de plus faibles concentrations de biomarqueurs pro-inflammatoires
que les individus adoptant une alimentation de type non-végétarienne (154, 155). Toutefois,
il est important de reconnaitre que le végétarisme est un terme relativement large pouvant

inclure plusieurs sous-catégories de pratiques alimentaires (156) et que certaines habitudes
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de vie comme la pratique d’activité physique peuvent différer entre les végétariens et les

omnivores (3). Ces ¢léments ont potentiellement une influence sur les résultats observés.

En résumé, sur la base de la littérature actuelle (3, 32, 157, 158), on constate que les
facteurs nutritionnels globalement considérés comme bénéfiques pour la santé (ex:
fruits et 1égumes) semblent associés a un profil inflammatoire favorable. A I’inverse, les
facteurs nutritionnels globalement considérés comme néfastes pour la santé (ex:
boissons sucrées) semblent associés a une détérioration du profil inflammatoire. La
littérature actuelle démontre également que plusieurs questions demeurent non résolues
quant aux effets de I’alimentation sur I’inflammation. Comme le soulignent Calder et al. (3)
dans leur vaste revue de la littérature publiée en 2011, la plupart des associations décrites
ci-haut devront étre confirmées dans le futur avec des études utilisant une méthodologie
adéquate. On constate par ailleurs que d’autres facteurs nutritionnels non mentionnés dans
la présente section ont été sous-explorés en lien avec ’inflammation et/ou font I’objet
d’une controverse. Je pense ici aux produits laitiers, dont j’aurai 1’occasion de discuter plus

tard.
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CHAPITRE 2 : ALIMENTATION ET INFLAMMATION -
PROBLEMATIQUE GENERALE

2.1 Objectif général et hypothése

Sur la base des informations présentées au chapitre précédent, on peut dire que 1’étude des
liens entre divers facteurs nutritionnels et I’inflammation est loin d’étre un sujet clos.

L’objectif général établi dans le cadre de mon projet de doctorat était donc le suivant :
Etudier I’impact de 1’alimentation sur I’inflammation et ses mécanismes sous-jacents.
L hypothése générale émise en lien avec cet objectif était :

Les facteurs nutritionnels globalement considérés comme bénéfiques pour la santé sont
associés a des effets anti-inflammatoires, alors que les facteurs nutritionnels globalement

considérés comme néfastes pour la santé sont associés a des effets pro-inflammatoires.
2.2 Cadre méthodologique du projet

Tel qu’illustré a la Figure 2.1, il est important de noter que les facteurs nutritionnels
auxquels je fais référence dans I’hypothése générale, qu’ils soient considérés ou non
comme bénéfiques pour la santé, comprennent autant de simples nutriments que des
aliments ou encore des profils alimentaires reflétant 1’alimentation dans sa globalité. La
figure 2.1 vise aussi a illustrer que les nutriments qui ont été précisément ciblés dans le
cadre de mon projet de doctorat sont les acides gras alimentaires, avec un accent un peu
plus particulier sur les AGPI oméga-3 d’origine marine. Dans la catégorie des aliments,
mes travaux ont spécifiquement porté sur les produits laitiers. En ce qui concerne les profils
alimentaires, prenez note qu’ils n’étaient pas prédéterminés, car ils ont été identifiés en
cours d’analyse par une approche guidée par les données (« data-driven approach »). Je ne

décrirai donc pas ces profils alimentaires pour le moment.
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Alimentation = Inflammation
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expérimentales
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Figure 2.1 : Illustration résumant I’ensemble des travaux réalisés dans le cadre du
présent projet de doctorat portant sur I’impact de 1’alimentation sur I’inflammation et ses
mécanismes sous-jacents. Le terme « alimentation » sous-entend 1’étude de différentes
catégories de facteurs nutritionnels incluant des nutriments (acides gras, dont les oméga-
3), des aliments (produits laitiers) et des profils alimentaires. Ces divers facteurs
nutritionnels sont étudiés en lien avec I’inflammation en utilisant différentes approches
expérimentales, soit une approche épidémiologique, une approche clinique et une
approche métabolique.

Un autre point fort important a noter, comme le dévoile le titre de ma these, est que trois
approches expérimentales différentes ont été retenues pour étudier la relation entre divers
facteurs nutritionnels et I’inflammation : 1) une approche épidémiologique, 2) une
approche clinique et 3) une approche métabolique (synonyme de moléculaire). La figure
2.1 illustre d’ailleurs précisément quels facteurs nutritionnels ont été étudiés selon quelles
approches. Alors que I’utilisation d’une approche épidémiologique permet seulement de
dresser un portrait des associations entre I’alimentation et I’inflammation au sein d’une ou
de plusieurs populations, les approches «clinique» et « métabolique » permettent
respectivement, au sein d’une étude d’intervention nutritionnelle, de mieux comprendre les

relations causales entre 1’alimentation et le profil inflammatoire ainsi que les mécanismes a
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I’origine de la réponse physiologique engendrée par 1’intervention. C’est donc en suivant
cette ligne de pensée allant du général (études populationnelles) au spécifique (études
mécanistiques) que je vous présente les trois volets de mon projet de doctorat. Ces volets

sont répartis comme suit :

D’abord, chacun des volets comprend quatre chapitres : le premier chapitre présente la
problématique propre au volet, le deuxiéme et le troisiéme chapitre présentent les travaux
(articles scientifiques) réalisés dans le cadre de ce volet et le quatriéme chapitre constitue

une conclusion spécifique au volet.

Ainsi, les chapitres 3 a 6 (volet 1) portent sur I’étude des associations, dans un contexte
épidémiologique, entre certains facteurs nutritionnels (d’une part les acides gras oméga-
3, d’autre part des profils alimentaires) et I’inflammation chez deux nations autochtones

de la province de Québec.

Les chapitres 7 a 10 (volet 2) portent sur I’étude de I’'impact de la consommation de

produits laitiers sur I’inflammation dans un contexte clinique ainsi que métabolique.

Les chapitres 11 a 14 (volet 3) portent sur I’étude de 'impact de la consommation de
divers acides gras alimentaires sur I’inflammation ¢galement dans un contexte clinique

ainsi que métabolique.

Enfin, je vous rappelle que le chapitre 15 constitue la conclusion générale regroupant les

trois volets de mon projet de doctorat.
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CHAPITRE 3 : ETUDE DES ASSOCIATIONS ENTRE
L’ALIMENTATION ET L’INFLAMMATION CHEZ LES
NATIONS AUTOCHTONES DU NORD-DU-QUEBEC -
PROBLEMATIQUE

Pour débuter le présent chapitre, voici un bref portrait des différentes nations autochtones
constituant le Québec, incluant I’introduction des deux nations a I’étude. Les raisons de

I’intérét de notre équipe de recherche envers les autochtones seront ensuite exposées.
3.1 Portrait des nations autochtones du Québec

La province de Québec comprend 11 nations autochtones incluant a la fois les Amérindiens
(10 nations) et les Inuits (1 nation) (159). Les Amérindiens, aussi appelés Premieres
Nations, se subdivisent en deux familles linguistiques et culturelles : 1) la famille
algonquienne, qui inclut les Abénaquis, les Algonquins, les Attikameks, les Cris, les Innus,
les Malécites, les Micmacs et les Naskapis et 2) la famille iroquoienne, qui inclut les
Hurons-Wendats et les Mohawks (160). Les Inuits forment un groupe ethnique distinct des
Amérindiens puisqu’ils sont issus d’une vague de peuplement plus tardive (160). Sur le
plan démographique, les 11 nations autochtones représentent prés de 92 000 individus, ce

qui équivaut a environ 1% de la population québécoise (160).

Les Cris de la Baie-James et les Inuits du Nunavik sont les deux nations autochtones qui
ont été spécifiquement ciblées dans le cadre du présent projet de doctorat. Ces deux nations
habitent la région administrative du Nord-du-Québec. Tel qu’illustré a I’annexe A, les Cris
sont répartis dans 9 communautés situées sur la cote est de la Baie-James ou de la Baie
d’Hudson ou encore a I’intérieur des terres, prés de la ville de Chibougamau (160). Cette
nation autochtone initialement semi-nomade dont le nom signifie « le peuple de chasseurs »
est originaire des plaines de I’Ouest canadien (160). La population crie s’éléve actuellement
a pres de 17 000 individus (160). Les Inuits, pour leur part, habitent le Nunavik, qui se
définit comme le territoire québécois situé au nord du 55° parallele (160). Cette nation
autochtone initialement nomade dont le nom signifie « les étres humains » est actuellement

constituée de quelque 11 000 individus (160). La population inuite est répartie dans 14
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villages cotiers situés sur les rives de la Baie d’Hudson, du Détroit d’Hudson et de la Baie

d’Ungava (annexe A) (160).
3.2 Enquétes de santé chez les nations autochtones du Nord-du-Québec

Il est important de souligner que les Cris de la Baie-James et les Inuits du Nunavik ont fait
I’objet de grandes enquétes de santé au cours de la derniere décennie. D’une part, I’enquéte
« Nituuchischaayihtitaau Aschii Multi-Community Environment-and-Health Study in Eeyou
Istchee » a été réalisée entre 2005 et 2009 chez les Cris de la Baie-James. Cette enquéte
avait pour but de recueillir de I’information sur 1’état de santé des Cris, leur mode de vie,
leurs conditions sociales ainsi que les conditions environnementales auxquelles ils sont
exposés (contaminants), puis d’évaluer les associations entre ces différents facteurs (161).
D’autre part, '« Enquéte de santé aupres des Inuits du Nunavik 2004 — Qanuippitaa?
Comment allons-nous? » avait comme objectif général de mettre a jour les informations
concernant 1’état de santé et de bien-étre de la population inuite du Nord-du-Québec (162).
L’acces a un large éventail de données recueillies dans le cadre des enquétes chez les Cris
et les Inuits explique en partie pourquoi le volet épidémiologique de mon projet de doctorat
a précisément porté sur ces deux nations autochtones. Cependant, les raisons réelles de
I’intérét de notre équipe de recherche envers ces nations autochtones dans le contexte de

I’alimentation et de I’inflammation sont beaucoup plus profondes. En voici les détails.
3.3 Transition nutritionnelle et désordres métaboliques multifactoriels

Au cours des 50 a 60 dernieres années, les nations autochtones du Nord-du-Québec, tout
comme celles de I’ensemble de I’ Amérique du Nord, ont fait face a d’énormes changements
socioculturels et économiques incluant leur établissement dans des communautés
permanentes (sédentarisation), le passage a une économie basée sur les salaires et I’acces
aux technologies et moyens de transport facilitant les communications et la
commercialisation avec les grands centres urbains (160-164). Ces changements sociaux ont
donné lieu a une importante transition nutritionnelle, un concept désignant le passage tres
rapide d’une alimentation traditionnelle, caractérisée par la consommation d’aliments
locaux obtenus par des activités de chasse, de péche et de cueillette, vers une alimentation

de type « américanisée », caractérisée par la consommation d’aliments du commerce
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importés des régions urbaines (163, 165-168). En termes de nutriments, la transition
nutritionnelle se définit comme un déclin dans la consommation d’aliments a haute densité
nutritive, notamment riches en AGPI oméga-3 a longue chaine, protéines, vitamines et
minéraux (vitamine A, vitamine D, fer), en faveur de la consommation d’aliments a haute
densité énergétique, notamment riches en sucres simples et en AGS (166, 167, 169, 170). 11
importe aussi de souligner que le concept de transition nutritionnelle, tel que défini par son
« créateur », le Dr. Barry Popkin, englobe non seulement des changements rapides et
profonds dans I’alimentation d’une population, mais aussi des changements dans les
niveaux d’activité physique (171). Cependant, I’aspect de ’activité physique ne fait pas

I’objet de la présente thése.

Les Cris, les Inuits ainsi que les autres nations autochtones a travers 1’Amérique du Nord
ont été passablement épargnés des désordres métaboliques multifactoriels comme le diabéte
de type 2 avant la survenue du phénomene de transition nutritionnelle (172-175). Toutefois,
parallelement a ce phénomene, on note depuis plusieurs décennies une forte augmentation
de la prévalence de 1’obésité (176-180), de I’hypertension (178), du diabete de type 2 (179,
181-183) et des MCV (178, 184) dans ces populations. Par exemple, Dannenbaum et al.
(181) ont indiqué que la prévalence du diabéte de type 2 chez les Cris de la Baie-James
agés de 20 ans et plus avait augmenté de 330% sur une période de 16 ans, passant de 5,2%
en 1989 a 17,3% en 2005. En comparaison, la prévalence du diabéte de type 2 chez

I’ensemble des Québécois (excluant les Autochtones) a été estimée a 3,7% en 2005 (185).
3.4 Prévalence de I’inflammation chez les nations autochtones du Nord-du-Québec

Les désordres métaboliques multifactoriels dont la prévalence ne cesse d’augmenter dans
les nations autochtones depuis les derniéres décennies sont tous reliés a I’inflammation
systémique et chronique de faible intensité, tel que décrit dans 1’introduction générale et a
la section 1.4 du chapitre 1. Jusqu’a récemment, on ne connaissait pas spécifiquement la
prévalence de I’inflammation chronique de faible intensité¢ chez les nations autochtones du
Nord-du-Québec. Une partie de mes travaux de doctorat a permis de déterminer cette
prévalence a partir des données recueillies dans les enquétes de santé

« Nituuchischaayihtitaau Aschii » et « Qanuippitaa? ». Dans le cas des Cris, ces travaux se
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rapportent au premier des deux objectifs de I’étude présentée au chapitre 4. Dans le cas des

Inuits, ces travaux constituent I’objectif principal de I’étude présentée a I’annexe B.

En bref, bien que la prévalence des désordres métaboliques multifactoriels augmente
grandement dans /’ensemble des nations autochtones, mes travaux ont permis de constater
que cette augmentation est associée a une prévalence de I’inflammation chronique de faible
intensité (concentrations de la hs-CRP entre 3,0 et 10,0 mg/L) tres élevée chez les Cris
(47%), mais au moins 2 fois plus faible chez les Inuits (21% ; Figure 3.1). La prévalence
de I’inflammation chronique de faible intensité chez les Inuits est d’ailleurs semblable a
celle de la population canadienne caucasienne d’aprés des données d’Anand et al. (84)
publiées en 2004 (25%). Sur la base de ces résultats plutdt surprenants, on peut se
questionner a savoir quels sont les principaux déterminants du statut inflammatoire dans

chacune de ces deux populations autochtones.
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Figure 3.1 : Prévalence de concentrations élevées de la hs-CRP (> 3,0 mg/L) chez les
Canadiens caucasiens, les Cris de la Baie-James et les Inuits du Nunavik. Les données entre
parenthéses sont les intervalles de confiance a 95% (si disponibles). La valeur
correspondant aux Canadiens caucasiens provient d’un article publié par Anand et al. (84).
Les valeurs chez les Cris et les Inuits proviennent de deux articles publiés par Labonté et al.
(186, 187), présentés respectivement au chapitre 4 et a I’annexe B de la présente thése.
Abréviations : hs-CRP, protéine C-réactive mesurée par dosage ultra-sensible.
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3.5 Alimentation et inflammation chez les nations autochtones du Nord-du-Québec

Considérant le caractére unique et ’ampleur de la transition nutritionnelle vécue par les
populations autochtones du Nord-du-Québec ainsi que le role de plus en plus reconnu de
I’alimentation dans la modulation du profil inflammatoire, il y a fort a parier que certains
facteurs nutritionnels représentent d’importants déterminants du profil inflammatoire chez
les Cris et les Inuits. Toutefois, les facteurs nutritionnels exer¢ant une influence sur le profil
inflammatoire de ces populations n’ont jamais ét¢ documentés a ce jour. L’accés aux
données recueillies dans les enquétes de santé « Nituuchischaayihtitaau Aschii » et
« Qanuippitaa? » représentait alors une opportunité unique pour évaluer les associations
entre ’alimentation et I’inflammation chez les nations autochtones du Nord-du-Québec.
J’ajouterais de surcroit que tres peu d’études ont évalué les associations entre 1’alimentation
et I’inflammation chez les nations autochtones de I’ensemble de 1’ Amérique du Nord. A ma
connaissance, les études publiées jusqu’a maintenant sur le sujet ont été réalisées seulement
chez les populations autochtones de 1’Alaska, aux Etats-Unis (188-190). Notez qu’il sera

brievement question des résultats de ces études au cours des prochains chapitres.
3.6 Objectif et hypotheses des travaux réalisés

Sur la base des informations présentées précédemment, le premier objectif spécifique du

présent projet de doctorat était :

Evaluer, dans un contexte épidémiologique, les associations entre 1’alimentation des
populations autochtones du Nord-du-Québec et les concentrations sanguines des

biomarqueurs de I’inflammation.

Il importe de souligner que les associations entre I’alimentation et les biomarqueurs de
I’inflammation ont été évaluées en tenant compte de facteurs nutritionnels différents dans
chacune des deux nations autochtones a 1’étude (Figure 3.2). Des hypotheses spécifiques a
chacune de ces deux populations ont donc été émises en lien avec 1’objectif ci-haut. Les
justifications entourant le choix des facteurs nutritionnels retenus, et par le fait méme des

hypothéses, sont fournies plus bas.
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Hypothése chez les Cris de la Baie-James :

1. Les concentrations érythrocytaires d’acides gras oméga-3 a longue chaine sont associées

a un profil inflammatoire favorable.
Hypotheéses chez les Inuits du Nunavik :

1. Les profils alimentaires caractéris€és par la consommation d’aliments traditionnels et

d’aliments « sains » sont associés a un profil inflammatoire favorable.

2. Les profils alimentaires caractérisés par la consommation d’aliments transformés et/ou a

haute densité énergétique sont associés a un profil inflammatoire détérioré.

Alimentation = Inflammation

Approches Facteurs nutritionnels >
expérimentales

N2

Epidémiologique

Nutriments Aliments Profils

Clinique

Métabolique/ Y=\
moléculaire “1
o,

Figure 3.2 : Illustration mettant en lumicre les travaux réalisés dans le cadre du premier
volet du présent projet de doctorat, dont le but était d’évaluer, dans un contexte
épidémiologique, les associations entre certains facteurs nutritionnels et I’inflammation
chez deux nations autochtones de la province de Québec.

Mes travaux en lien avec les Cris, publiés dans la revue European Journal of Clinical

Nutrition (Labonté et al. 2014;68:1042-7), sont présentés au chapitre 4. Mes travaux en lien
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avec les Inuits, publiés dans la revue Journal of the Academy of Nutrition and Dietetics

(Labonté et al. 2014;114:1208-15.€3), sont présentés au chapitre 5.

Bien que I’étude de facteurs nutritionnels similaires chez les Cris de la Baie-James et chez
les Inuits du Nunavik aurait permis de mieux comparer les résultats obtenus dans ces deux
populations, la réalité en a décidé autrement. Autant chez les Cris que chez les Inuits, I’idée
premicre était d’identifier des profils alimentaires a partir des données alimentaires auto-
rapportées recueillies dans le cadre des enquétes de santé « Nituuchischaayihtitaau Aschii »
et « Qanuippitaa? », puis d’associer les profils alimentaires au profil inflammatoire.
Puisque les profils alimentaires offrent une vision globale de I’alimentation, leur
identification peut s’avérer fort utile dans le contexte d’études observationnelles ou les
effets d’un seul nutriment, aliment ou groupe d’aliments peuvent difficilement étre isolés

(150).

Toutefois, I’information recueillie sur 1’alimentation de la population crie était plus ou
moins détaillée, particulierement en ce qui concerne les aliments du commerce, restreignant
ainsi la possibilit¢ d’obtenir des profils alimentaires complets. Pour cette raison, chez les
Cris, nous avons plutdt décidé de nous attarder a des biomarqueurs valides et objectifs des
apports en produits marins, soit les concentrations érythrocytaires d’acides gras oméga-3 a
longue chaine (incluant I’acide eicosapentaénoique [EPA ; « eicosapentaenoic acid » ;
C20:5 n-3] et ’acide docosahexaénoique [DHA ; « docosahexaenoic acid » ; C22:6 n-3])
(191-193). La mesure de biomarqueurs nutritionnels permet ainsi d’éliminer les biais et
erreurs de mesures attribuables a la collecte de données alimentaires « subjectives » (194).
Par ailleurs, tel que décrit dans I’introduction du prochain chapitre, nous avons cru
intéressant d’évaluer la manicre dont les acides gras oméga-3 sont reliés a I’inflammation
dans une population avec un statut modérément élevé en ces acides gras (4% des acides
gras totaux dans les phospholipides plasmatiques), soit se situant a mi-chemin entre les
concentrations sanguines tres faibles des Québécois caucasiens (2%) et celles tres €levées
des Inuits et autres populations circumpolaires (8%) (195). Pour émettre notre hypothése,
nous nous sommes basés sur les associations inverses entre les acides gras oméga-3 et le

profil inflammatoire observées dans diverses populations dans un bon nombre d’études
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observationnelles précédentes. Davantage de détails a ce sujet sont encore une fois fournis

dans I’introduction du prochain chapitre.

Chez les Inuits, I’éventail plus large de données alimentaires recueillies nous a permis de
poursuivre notre premiére idée et d’identifier des profils alimentaires afin de les associer au
profil inflammatoire. Afin d’émettre nos hypotheses, nous nous sommes basés sur le fait
que les populations inuites ont été passablement épargnées des désordres métaboliques
associés a I’inflammation tant qu’elles ont adopté une alimentation traditionnelle (voir
section 3.3 ci-haut) (172-174). Nous nous sommes aussi basés sur les études réalisées dans
diverses populations ayant démontré que I’adhésion a des profils alimentaires qualifiés de
« Prudents » sont inversement associés aux biomarqueurs pro-inflammatoires, alors que les
profils alimentaires qualifiés de « Western » sont positivement associés aux biomarqueurs

pro-inflammatoires (voir section 1.5.2 du chapitre 1) (153).

Enfin, en ce qui concerne le chapitre 5 (¢tude chez les Inuits), il est important de noter que
des facteurs du risque cardiovasculaire autres que les biomarqueurs inflammatoires ont
¢galement été évalués (ex : lipides et lipoprotéines plasmatiques). Cela explique pourquoi
le titre de ce chapitre/publication scientifique n’est pas directement reli¢ au sujet de

I’inflammation.
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CHAPITRE 4 :

ASSOCIATIONS ENTRE LES CONCENTRATIONS

ERYTHROCYTAIRES D’ACIDES GRAS OMEGA-3 ET LES

CONCENTRATIONS PLASMATIQUES DE
BIOMARQUEURS INFLAMMATOIRES CHEZ LA
POPULATION CRIE DU QUEBEC

Labonté ME, Dewailly E, Lucas M, Couture P, Lamarche B.

Association of red blood cell n-3 polyunsaturated fatty acids with plasma
inflammatory biomarkers among the Quebec Cree population

Eur J Clin Nutr. 2014. 68(9):1042-7.
http://dx.doi.org/10.1038/ejcn.2014.125
Copyright 2014 Nature Publishing Group

Reproduit avec la permission de Nature Publishing Group
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RESUME

Cette étude transversale avait pour but d’évaluer la prévalence de concentrations élevées de
la hs-CRP ainsi que les associations entre les concentrations érythrocytaires d’acides gras
oméga-3 et les concentrations plasmatiques de biomarqueurs inflammatoires chez les Cris
de la Baie-James (province de Québec). Un échantillon de 744 Cris (18-91 ans) provenant
de 7 communautés de I’est de la Baie-James a ét¢ inclus dans les analyses. Les associations
entre les concentrations érythrocytaires d’acides gras oméga-3 et les concentrations
plasmatiques de la hs-CRP, de I'IL-6 et de TNF-a ont été évaluées a ’aide de modeles
linéaires généralisés (GLM) tenant compte du sexe, de 1’age et du tour de taille. Un score
inflammatoire arbitraire a été créé sur la base de la somme des quartiles des concentrations
de la hs-CRP, de I’'IL-6 et de TNF-a (écart = 3 — 12). La prévalence de concentrations
¢levées de la hs-CRP (> 3 mg/L) était de 46,9% (IC 95% 43,3-50,5). Les concentrations
érythrocytaires d’acide docosapentaénoique (DPAn-3) étaient inversement associées a la
hs-CRP, au TNF-a et au score inflammatoire (P pour la tendance < 0,02), alors que les
concentrations érythrocytaires d’EPA et de DHA n’étaient pas associées a I’inflammation
(P pour la tendance > 0,18). Chez les participants avec des concentrations érythrocytaires
de DPAn-3 au-dessus de la médiane de la population, les probabilités d’avoir un score
inflammatoire élevé (= 9) étaient de 0,67 (IC 95% 0,48-0,93) comparativement aux
participants en-dessous de la médiane de la population. Ces résultats indiquent que
I’inflammation systémique de faible intensité est hautement prévalente chez les Cris de la
Baie-James et que des concentrations ¢levées de DPAn-3 sont associées a un plus faible

risque d’inflammation systémique dans cette population.
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ABSTRACT

Background/Objectives: We examined the prevalence of elevated plasma high-sensitivity
C-reactive protein (hs-CRP) concentrations and associations with red blood cell (RBC)
long-chain n-3 polyunsaturated fatty acids (LCn-3PUFA) in the James Bay Cree population
from the province of Quebec (Canada). Subjects/Methods: A total of 744 Cree adults (18-
91 years) from seven communities of Eastern James Bay were included in these cross-
sectional analyses. Associations between RBC LCn-3PUFA and pro-inflammatory markers
(hs-CRP, interleukin-6 [IL-6] and tumor necrosis factor-alpha [TNF-a]) were assessed by
using multivariate general linear models with adjustment for sex, age, and waist
circumference. An arbitrary inflammation score was defined based on the sum of the
quartiles of hs-CRP, IL-6 and TNF-a concentrations (range=3-12). Results: Elevated hs-
CRP concentrations (> 3 mg/L) were present in 46.9% (95% confidence interval [CI], 43.3-
50.5) of the James Bay Cree population. RBC docosapentaenoic acid (DPAn-3; C22:5n-3)
was inversely associated with hs-CRP, TNF-a and the inflammation score (all P trend <
0.02), whereas eicosapentaenoic acid (EPA; C20:5n-3) and docosahexaenoic acid (DHA;
C22:6n-3) in RBC were not associated with inflammation (all P trend > 0.18). Among
participants with RBC DPAn-3 levels above the median of the population, odds ratio of
having an elevated inflammation score (= 9) was 0.67 (95% CI, 0.48-0.93) compared with
participants below the median. Conclusions: Results indicate that low-grade systemic
inflammation is highly prevalent and that higher RBC DPAn-3 levels are associated with a
lower risk of systemic inflammation in the James Bay Cree population. Keywords: C-
reactive protein, Cree, inflammation, n-3 polyunsaturated fatty acids, docosapentaenoic

acid
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INTRODUCTION

Detrimental impact of westernization of Canadian First Nations’ diet and lifestyle on
metabolic disorders such as obesity, type 2 diabetes, and cardiovascular diseases (CVD) is
well known.! Cardiometabolic disorders are associated with a chronic low-grade
inflammatory state,® often reflected by increased concentrations of pro-inflammatory
mediators such as C-reactive protein (CRP), interleukin-6 (IL-6) and tumor necrosis factor-
alpha (TNF-a). Previous studies have shown that elevated CRP concentrations (> 3.0 mg/L)
are present in more than 50% of First Nations adult communities from Ontario, Canada,

with even higher values noted among women.”?

Pro-inflammatory biomarker
concentrations have also been positively associated with age,” plasma levels of persistent
organic pollutants (POPs)’ and several features of the metabolic syndrome (MetS)

710 in Oji-Cree communities from

including adiposity indices, fasting glucose and insulin
northwestern Ontario. However, the prevalence and correlates of elevated pro-
inflammatory biomarkers concentrations among the Cree communities of Eastern James

Bay (Quebec, Canada) have not been described yet.

Cross-sectional studies conducted primarily in Caucasian populations have shown a
consistent inverse association between fish consumption or the intake of long-chain n-3
polyunsaturated fatty acids (LCn-3PUFA) such as eicosapentaenoic acid (EPA) and
docosahexaenoic acid (DHA), estimated from dietary questionnaires or blood levels, and
inflammatory biomarker concentrations.!'"! To the best of our knowledge, studies having
investigated these associations among Aboriginals so far have been limited to Inuit
populations.? 2! Although blood levels of LCn-3PUFA have previously been associated
with traditional risk factors for CVD among First Nations communities such as the Cree
population,?? the extent to which LCn-3PUFA are associated with systemic inflammation in
these communities remains unknown. Plasma phospholipid levels of EPA+DHA among the
James Bay Cree population (3.9%) fall between levels seen among Aboriginal circumpolar
populations such as Nunavik Inuit (northern Quebec; 8.0%) and levels observed in non-
Aboriginal Quebecers (1.8%).2* Investigating associations between blood levels of LCn-

3PUFA and inflammation in the James Bay Cree population therefore provides information

35



on how LCn-3PUFA relate to inflammation in a population with a moderately elevated

LCn-3PUFA status.

The first objective of the present study was to determine the prevalence of elevated high-
sensitivity (hs)-CRP concentrations among the James Bay Cree population from the
province of Quebec, Canada. The second objective was to assess the association between
red blood cell (RBC) LCn-3PUFA, used as a biological marker of LCn-3PUFA dietary

24-26

intake, and inflammatory biomarkers concentrations.

SUBJECTS AND METHODS
Population and study design

Data collection for the present cross-sectional study was carried out between summer 2005
and summer 2009 as part of the “Nituuchischaayihtitaau Aschii Multi-Community
Environment and Health Study in liyiyiu Aschii”, a health survey conducted among 7
coastal and inland Cree communities from Eastern James Bay (Quebec, Canada). The
method used for selecting participants has been described previously.?” As shown in Figure
1, the final study sample included 744 subjects for the analyses of hs-CRP and 743 subjects
for the analyses of IL-6 and TNF-q.

The study protocol was approved by the Research Ethics Committee of the Centre
Hospitalier de 1’Universit¢ Laval, and accepted by the Committees of McGill and
McMaster Universities, as well as by the Research Committee of the Cree Board of Health

and Social Services of James Bay. All participants provided written informed consent.
Clinical data

Participants’ medical files were reviewed to determine the prevalence of type 2 diabetes
and the use of anti-inflammatory, antihypertensive, antidiabetic and lipid lowering

medications over the 12-month period that preceded the beginning of the study.

Blood samples as well as anthropometric and physiological measurements were obtained
during a 2.5-h clinical session conducted by a research nurse. Participants were asked to

fast for at least 8 h prior to blood sample collection. Collected blood samples were
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temporarily frozen at either -20°C or -80°C. Aliqots of samples were also sent to the Centre
Hospitalier Universitaire de Québec, in Québec City, where they were stored at < -80°C.
Body weight, waist circumference, body mass index, body fat percentage and blood
pressure measurements were described previously.?”- ?° Elevated waist circumference was
defined as > 90 cm in men and > 80 cm in women according to the International Diabetes
Federation (IDF) classification of central obesity for First Nations.** The presence of the

MetS was determined using the IDF classification in First Nations.*
Red blood cell fatty acids determination

Individual LCn-3PUFA were quantified in RBC membranes phospholipids by gas-liquid
chromatography and were expressed as percent of total fatty acids. Fatty acids

determination has been previously described elsewhere.?’
Measurement of hs-CRP, IL-6, and TNF-a

Inflammatory biomarkers were analyzed in batches on samples stored at -80°C. Plasma hs-
CRP concentrations were measured by nephelometry as previously described.>’ TNF-o and
IL-6 were measured in EDTA-plasma using a human TNF-a and a human IL-6 ELISA kit
(Quantikine HS, R&D System, Minneapolis, MN), respectively. An arbitrary inflammation
score was created to reflect an overall inflammatory profile. The score ranges from 3 to 12
points and corresponds to the sum of the individual quartiles of hs-CRP, IL-6 and TNF-a
concentrations (Ql = 1 point; Q2 = 2 points; Q3 = 3 points; Q4 = 4 points). Thus, the

inflammation score is positively associated with low-grade systemic inflammation.
Other biochemical measurements

Analyses of total cholesterol (total-C), low-density lipoprotein cholesterol (LDL-C), high-
density lipoprotein cholesterol (HDL-C), triacylglycerol (TG), fasting insulin, fasting
glucose, toxic metals (i.e. lead, mercury, cadmium), POPs and seroprevalence of zoonoses
have been described previously.?” 2% 32 Seroprevalence of zoonoses (positive or negative)
was considered positive when an individual tested positive for at least one of the pathogens

tested. Equivocal values were classified in the negative category.

37



Lifestyle and socioeconomic data

An individual questionnaire administered by a local interviewer either in liyiyiuyimuwin or
in English was used to collect information on gender, age, and smoking habits. Physical
activity was assessed using the short version of the International Physical Activity

Questionnaire (IPAQ).*?
Dietary intake

An 81-item interviewer-administered semi-quantitative food frequency questionnaire (FFQ)
inquiring on the consumption of traditional and commercial food items was used to
estimate the daily frequency of consumption of fish and alcoholic beverages. Details on the

FFQ are provided in Supplementary File 1.
Statistical analyses

Elevated plasma hs-CRP concentrations were defined as > 3.0 mg/L, as suggested by the
American Heart Association.** An elevated inflammation score was defined as > 9 points,
which is the equivalent of having a value above the median of the population for each of

the three pro-inflammatory markers analyzed (hs-CRP, IL-6 and TNF-a).

Chi-square tests were used to compare the prevalence of elevated plasma hs-CRP
concentrations between subgroups of individuals stratified on the basis of sex
(men/women), age (18-39 versus > 40 years), waist circumference (low/high), and MetS

(yes/no).

Multivariate general linear models (SAS PROC GLM) were used to assess the association
between quartiles of RBC EPA, DPAn-3 and DHA levels and inflammation. Covariates
considered in the models were sex (male/female), age (continuous), and waist
circumference (continuous). Adjusted means (95% confidence intervals [CI]) were
computed by quartiles of RBC LCn-3PUFA for each inflammatory marker. Adjusting for
body weight, body mass index (BMI) or body fat instead of waist circumference led to
similar results (data not shown). Further adjustments for RBC total n-6 and frans fatty

acids, for environmental contaminants (POPs, including polychlorinated biphenyls and
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organochlorine pesticides), for toxic metals (cadmium, mercury, lead), for the presence of
type 2 diabetes or for the use of anti-inflammatory, anti-hypertensive, antidiabetic or lipid-
lowering medication also had no influence on the observed results (data not shown). These
variables were therefore not retained in final analyses of the data. Tests for trend across
quartiles of RBC LCn-3PUFA were included in all models using the CONTRAST option

“linear”. Median scores in each quartile category were used for the trend analysis.

Associations between RBC levels of individual LCn-3PUFA and the consumption of fish

were assessed using Spearman correlation coefficients.

Multivariate logistic regression analysis was used to characterize the odds of having an
elevated inflammation score according to demographic, anthropometric, biochemical,
lifestyle and nutritional (i.e. RBC LCn-3PUFA) variables. Odds ratio (OR) and 95% CI
were calculated for each variable individually, using a multivariate model that included sex,
age (continuous), and waist circumference (low/high) as covariates. The number of subjects
in each model varied depending on the outcome of interest but was always greater than or
equal to 719 participants after exclusion of missing covariates. Details on the number and
percent of missing data for each covariable are provided in Supplementary File 2. A single
multivariate logistic model was used to determine which risk factors overall remained

significant and independent predictors of a high inflammation score.

Continuous data are presented as means (95% CI) unless stated otherwise. Non-normally
distributed variables were natural log-transformed prior to analysis. Thus, geometric means
(95% CI) are shown for these variables. Statistical analyses were performed using the SAS
software (version 9.2; SAS Institute Inc., Cary, NC). Statistical significance was set at a P

value < 0.05.
RESULTS

Table 1 shows characteristics of the study participants by sex. Participants (55% women)
had a mean age of 39.6 years (95% CI 38.5-40.8), a mean BMI of 33.2 kg/m? (95% CI
32.7-33.7), and half were occasional or daily smokers (52%; data not shown). Prevalence of

utilisation of lipid-lowering, antidiabetic, anti-inflammatory or anti-hypertensive
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medication ranged from 11% to 25%. Type 2 diabetes prevalence in men and women

combined was 23%.

The prevalence of hs-CRP concentrations > 3.0 mg/L. was 46.9% (95% CI 43.3-50.5) and
was higher among women (56.5%, 95% CI 51.6-61.3) than among men (35.1%, 95% CI
30.0-40.3, P < 0.0001). The prevalence of hs-CRP concentrations > 3.0 mg/l was also
higher among individuals with a high vs normal waist circumference (48.3% vs 18.0%, P =
0.0002) and among individuals with MetS vs no MetS (51.4% vs 41.3%, P = 0.006). The
proportion of individuals with hs-CRP concentrations > 3.0 mg/L did not differ according

to age (18-39 years, 47.3% vs. 40 years and older, 46.4%, P = 0.79).

Table 2 shows the age, sex and waist circumference-adjusted inflammatory biomarker
concentrations across quartiles of RBC EPA, DPAn-3 and DHA. Hs-CRP, TNF-a and the
inflammation score were lower across increasing quartiles of RBC DPAn-3 (all P trend <
0.02), while IL-6 showed no statistical association with RBC DPAn-3 (P trend = 0.77).
RBC EPA and DHA levels were not associated with any inflammatory biomarker (all P
trend > 0.18). The correlation between fish consumption estimated by the FFQ and RBC
DPAn-3 was lower overall (» = 0.19, P < 0.0001) than for EPA or DHA (» = 0.42 and r =
0.43, respectively, both P < 0.0001).

Risk factors for an elevated inflammation score in the James Bay Cree population were
identified using a multivariate logistic model. Female sex (vs. male, OR = 2.27, 95% CI
1.64-3.15) and high waist circumference (vs. normal waist, OR = 3.16, 95% CI 1.20-8.31)
increased the odds of having an elevated inflammation score in the James Bay Cree
population. Insulin concentrations (log) (OR = 1.76, 95% CI 1.33-2.35) were also
positively associated, while community of residence (inland vs. coastal, OR = 0.43, 95% CI
0.30-0.62), HDL-C concentrations (OR = 0.39, 95% CI 0.22-0.68), and RBC DPAn-3
levels above the median of the population (vs. levels below the median, OR = 0.67, 95% CI
0.48-0.92) were inversely associated with the odds of having an inflammation score > 9 (all
P < 0.02). Each of these variables was considered individually, after adjustment for age,
sex, and waist circumference. The following variables showed no association with the
inflammation score: LDL-C, TG, fasting glucose, systolic blood pressure, diastolic blood

pressure, physical activity, smoking status, drinking status, type 2 diabetes, environmental
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contaminants, toxic metals, the use of anti-inflammatory, antihypertensive, antidiabetic or
lipid-lowering medication and RBC EPA and DHA. As shown in Table 3, when
considering all significant risk factors simultaneously in a single multivariate model, only
sex, community of residence, HDL-C, insulin (log) and RBC DPAn-3 remained
independently associated with the odds of having an elevated inflammation score (all P <

0.03). The direction of the associations remained the same as described above.
DISCUSSION

To the best of our knowledge, this study is the first to determine the prevalence of elevated
plasma hs-CRP concentrations in the James Bay Cree population from northern Quebec
and to assess the associations between RBC LCn-3PUFA and inflammation in a Canadian

First Nations community.

Our data suggest that almost half (= 47%) of the James Bay Cree population has elevated
hs-CRP concentrations. This prevalence is almost twice that of Canadians of European
origin (25.0%)% and more than twice that of the Inuit population from northern Quebec
(21.4%).%> On the other hand, this prevalence is comparable to the prevalence observed in
First Nations communities from Ontario, Canada (54.8% in Anand et al.® or 51% for
women and 32% for men, based on a cut-off of 3.8 mg/L, in Connelly et al.”). Consistent

with previous studies in First Nations” ®

and other Aboriginal communities such as the
Inuit,>> we showed that the prevalence of elevated hs-CRP concentrations is considerably
higher among women than among men. Interestingly, in contrast with studies that support a

7,36 we showed that

positive association between age and low-grade systemic inflammation,
the prevalence of elevated hs-CRP concentrations did not differ according to age in the
James Bay Cree population. Other risk factors appear to outweigh the impact of age on
inflammation in this population. Hs-CRP concentrations over 3 mg/L have been associated
with an increased risk of coronary heart disease (CHD) in the general population,®* but
further investigations are warranted to determine how elevated hs-CRP concentrations
relate to future CHD events in First Nations communities. Nevertheless, observations from
our study and other studies in First Nations communities highlight that systemic

inflammation is a serious health concern that needs to be addressed in the context of the

high prevalence of CHD in these populations.
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So far, no study has documented the association between blood levels of LCn-3PUFA and
inflammatory biomarkers in Canadian First Nations populations. Few studies conducted in
other populations,'*'® 2° but not all,' 3’ have shown inverse associations between RBC,
plasma or serum EPA and/or DHA and blood hs-CRP concentrations. Similar to our results,
three out of five studies showed no association between IL-6 concentrations and plasma or
RBC EPA and DHA,!” 2% 37 while the other two studies showed inverse associations.!> !°
Only two studies assessed TNF-o in addition to hs-CRP and IL-6 and showed no
association with EPA and DHA measured in plasma.'” ' Makhoul et al.>° have shown in a
cohort of Yup’ik Eskimos, who consume very large amounts of EPA and DHA, that the
inverse association between EPA and hs-CRP was stronger at values > 3% of total fatty
acids in erythrocytes. For DHA, a strong inverse association with hs-CRP was observed at
DHA values over 7% of total fatty acids, while the association appeared to be non-existing
below a value of 7%. In the present study, none of the participants had RBC EPA > 3% of
total fatty acids and only one participant had RBC DHA > 7% (not shown). This may
explain the lack of association between RBC EPA and DHA and inflammatory biomarkers
in the present study. Moreover, residual but very strong confounding effects of obesity may
have masked associations between RBC EPA and DHA and low-grade systemic
inflammation. Obesity indices including waist circumference and BMI were indeed higher
across increasing quartiles of RBC EPA and DHA in the present study (all P trend <
0.0001, data not shown), while RBC DPAn-3 showed no such association with obesity

indices.

Multivariate logistic regression analysis has shown that the association between RBC
DPAn-3 and inflammation in the James Bay Cree population was independent of the
community of residence (coastal vs. inland) as well as of well-known correlates of
inflammation among Aboriginal populations such as female sex, HDL-C (inverse), and
insulin.® 1% 3% The inverse association between RBC DPAn-3 and inflammation seen in the
James Bay Cree population is consistent with results from studies in other populations.'* 1¢-
18,37 The absence of association between RBC DPAn-3 and IL-6 concentrations in the
present study is also consistent with data from Sun et al.’” In agreement with observations

in Finnish and US populations,'® '® 37 blood DPAn-3 in the present study was less strongly

correlated with fish intake than EPA or DHA. This suggests that endogenous chain

42



elongation from EPA may have a greater impact on blood DPAn-3 levels than direct
dietary consumption.’® 4° Although blood DPAn-3 appears as a poor marker for fish
intake,'® it is more strongly correlated with inflammation than EPA or DHA.!'® 1737 Little is
known thus far on the mechanisms by which DPAn-3 may exert anti-inflammatory effects.
DPAn-3 may reduce the expression of inflammatory genes or potentiate the production of
DPA-related D-series resolvins and neuroprotectins,®® which in turn may inhibit the
production of inflammatory mediators as is the case with DHA-related pro-resolving
molecules.*! Nonetheless, intervention and experimental studies are warranted to confirm
the anti-inflammatory effects of DPAn-3 and to elucidate the underlying mechanisms for

these effects.

The present study has a number of strengths and limitations that need to be pointed out. The
use of validated objective biomarkers of dietary LCn-3PUFA intake®*2® in a large number
of subjects is a strength. Indeed, LCn-3PUFA estimates derived from dietary questionnaires
are more prone to subjective measurement errors and bias.*> However, due to the cross-
sectional design of the study, no causal relationship can be established. Although several
factors known to influence pro-inflammatory processes such as environmental
contaminants and medication use were taken into account in the analyses, we cannot
exclude the possibility of residual confounding by unconsidered or unmeasured factors.
The relatively low participation rate in the study (42%) may limit the representativeness of
the sample to the whole James Bay Cree population. Nevertheless, our results regarding the

prevalence of elevated hs-CRP concentrations among this population corroborate those

observed among other Canadian First Nations.

In conclusion, elevated hs-CRP concentrations are highly prevalent among the James Bay
Cree population, particularly among women and abdominally obese subjects. RBC DPAn-
3, but not EPA or DHA, is inversely associated with inflammatory biomarkers in Cree
adults even after adjustment for important covariates. Further longitudinal and
interventional investigations are required to confirm this apparent anti-inflammatory effect

of DPAn-3 seen in the James Bay Cree population.
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TABLES

Table 1. Characteristics of a random sample of the James Bay Cree population

Characteristics

Men'

Women!

Age (years)
Weight (kg)
BMI (kg/m?)
Body fat (%)
Waist circumference (cm)
Cholesterol (mmol/L)
Total-C
LDL-C
HDL-C
Total-C/HDL-C ratio
Triacylglycerol (mmol/L)
Blood pressure (mmHg)
Systolic
Diastolic
Inflammatory markers
hs-CRP (mg/L)
IL-6 (pg/mL)
TNF-a (pg/mL)
Inflammation score’
Insulin (pmol/L)
Fasting glucose (mmol/L)?
Physical activity (MET)>*
Smoking (%)
Never
Ex
Occasionally
Daily
Drinking (%)

52

403 (38.5-42.0)
97.0 (94.9-99.1)
31.8 (31.1-32.4)
32.9 (31.9-33.9)
109.9 (108.2-111.5)

4.8 (4.7-4.9)
2.8 (2.8-2.9)
1.19 (1.16-1.22)
41 (4.0-4.2)
1.5 (1.4-1.6)

124.5 (122.9-126.0)
76.6 (75.5-77.7)

20 (1.8-2.2)
2.1 (2.0-2.3)
23 (2.1-2.5)
6.9 (6.7-7.2)
122.0 (114.0-130.5)
56 (1.2)

4380 (9473)

9.7
40.8
11.2
38.3

39.1 (37.6-40.6)
90.1 (88.2-92.0)
343 (33.7-35.0)
44.6 (43.9-45.2)
110.5 (109.0-112.0)

45 (4.4-4.6)
2.5 (2.5-2.6)
129 (1.25-1.32)
3.6 (3.5-3.6)
14 (1.3-1.4)

119.4 (117.9-120.9)
71.9 (70.8-72.9)

29 (2.7-3.2)
2.7 (2.5-2.8)
2.6 (2.4-2.8)
8.0 (7.8-8.2)
148.7 (141.1-156.8)
5.5 (1.0)

4230 (6225)

9.4
36.5
13.1
41.0



Never 51.7 60.3

< once per week 18.7 19.0
> once per week to < each two days 16.5 12.8
> each two days 7.8 4.7
Daily 53 3.2
Medication (yes, %)
Antiinflammatory 20.4 27.3
Antihypertensive 24.0 25.6
Antidiabetic 12.6 17.8
Lipid-lowering 11.7 11.2
Diabetes (yes, %) 21.3 23.8

Abbreviations: BMI, body mass index; C, cholesterol; HDL, high density lipoprotein; hs-
CRP, high-sensitivity C-reactive protein; IL-6, interleukin 6; LDL, low-density lipoprotein;

MET, metabolic equivalent of task; TNF-a, tumor necrosis factor-alpha.

'n=316-333 for men and n=387-411 for women, depending on the variable. Values are
arithmetic means (95% confidence intervals) for normally distributed variables and

geometric means (95% confidence intervals) for non-normally distributed variables, unless

stated otherwise.

2Score ranging from 3 to 12 points, corresponding to the sum of the quartiles in which
individuals are present for hs-CRP, IL-6 and TNF-a concentrations (Q1 = 1 point; Q2 =2
points; Q3 = 3 points; Q4 = 4 points).

3The variable was not normally distributed even after log transformation. Median values

(interquartile range) are thus shown.

*MET represents MET-minutes per week.
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Table 2. Inflammatory biomarkers concentrations across quartiles of RBC n-3 fatty acid levels among the James Bay Cree population!

Quartiles of RBC LCn-3PUFA

Ql Q2 Q3 Q4 P trend

EPA (%)? 0.32 0.41 0.52 0.78

hs-CRP (mg/L) 225 (1.97-2.56) 253  (2.24-2.86)  2.54 (2.25-2.87) 230 (2.00-2.65)  0.82

IL-6 (pg/mL) 251 (2.31-273) 242 (2.23-2.61) 222 (2.05-2.40) 235 (2.14-2.57)  0.18

TNF-a (pg/mL) 246 (2.18-2.79) 233 (2.07-2.61) 255 (2.27-2.86) 237  (2.07-271)  0.92

Inflammation score’ 7.46  (7.13-7.79) 7.51  (7.20-7.81) 7.47  (7.17-7.78) 7.30 (6.95-7.66) 0.55
DPAnR-3 (%)? 1.78 1.97 2.15 2.41

hs-CRP (mg/L) 271 (2.39-3.06) 245 (2.18-2.76) 235 (2.08-2.65) 2.14  (1.89-2.42)  0.009

IL-6 (pg/mL) 243 (2.24-2.63) 235 (2.18-2.54) 231 (2.13-2.49) 240 (2.22-2.60)  0.77

TNF-a (pg/mL) 2.85 (2.54-3.20) 244 (2.18-2.73) 203 (1.81-2.27)* 246 (2.19-2.76)  0.02

Inflammation score? 7.78 (7.47-8.09)  7.48 (7.18-7.78)  7.17  (6.87-7.48)* 732 (7.01-7.63)  0.02
DHA (%)? 2.54 3.07 3.63 4.58

hs-CRP (mg/L) 2.17  (1.91-248) 241 (2.13-2.73)  2.63 (2.32-2.96) 242 (2.09-2.80)  0.26

IL-6 (pg/mL) 236 (2.17-2.57) 232 (2.14-2.51) 238  (2.20-2.57) 244  (2.22-2.68)  0.61

TNF-a (pg/mL) 253 (2.23-2.87) 222 (1.97-250) 267 (2.39-3.00) 229  (1.99-2.63)  0.73

Inflammation score’ 752  (7.19-7.85) 731 (7.00-7.62)  7.63  (7.33-7.93) 728  (6.92-7.65)  0.67

Abbreviations: EPA, eicosapentaenoic acid; DHA, docosahexaenoic acid; DPA, docosapentaenoic acid; hs-CRP, high-sensitivity C-

reactive protein; IL-6, interleukin 6; TNF-a, tumor necrosis factor-alpha.
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'n=729 for hs-CRP and n=728 for IL-6, TNF-a and the inflammation score. Associations were assessed using the general linear model
(GLM) procedure. Geometric means (95% confidence intervals) are shown for hs-CRP, IL-6, and TNF-a. Arithmetic means (95%

confidence intervals) are shown for the inflammation score. Means are adjusted for age, sex, and waist circumference.

2Values are expressed as percent of total fatty acids in erythrocyte membrane phospholipids and represent the median percentage in

each quartile.

3Score ranging from 3 to 12 points, corresponding to the sum of the quartiles in which individuals are present for hs-CRP, IL-6 and

TNF-a concentrations (Q1 = 1 point; Q2 = 2 points; Q3 = 3 points; Q4 = 4 points).

“Significantly lower than Q1 (P < 0.05), as determined by the Tukey adjustment within the GLM procedure.
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Table 3. Adjusted odds ratio for an elevated inflammation score in the James Bay Cree
population according to demographic, anthropometric, biochemical, lifestyle and nutritional

risk factors!

Variables Multivariate OR 95% CI P

inflammation score > 92

Sex

Men 1.00 (ref)

Women 2.32 (1.64-3.28) <0.0001
Waist circumference (cm)3

Low 1.00 (ref)

High 1.74 (0.63-4.80) 0.29
Community

Coastal 1.00 (ref)

Inland 0.38 (0.26-0.56) <0.0001
HDL-C (mmol/L) 0.52 (0.29-0.93) 0.03
Log insulin (pmol/L) 1.73 (1.26-2.37)  0.0007
RBC DPAnR-3 levels (%)

< 50" percentile 1.00 (ref)

> 50" percentile 0.67 (0.48-0.93) 0.02

Abbreviations: CI, confidence interval; DPA, docosapentaenoic acid; HDL-C, high-density
lipoprotein cholesterol; OR, odds ratio; RBC, red blood cell; Ref, reference group.

'OR and 95% CI were determined using a multivariate logistic regression model in SAS
simultaneously taking into account all shown variables. OR for each variable are thus

adjusted for all other variables in the table.

The inflammation score is a score ranging from 3 to 12 points, corresponding to the sum of
the quartiles in which individuals are present for hs-CRP, IL-6 and TNF-a concentrations
(Q1 =1 point; Q2 = 2 points; Q3 = 3 points; Q4 = 4 points). An elevated inflammation
score (> 9) is the equivalent of having a value above the median of the population for each

of the pro-inflammatory markers analyzed, i.e. hs-CRP, IL-6 and TNF-a.

High waist circumference cut-offs were > 90 cm in men and > 80 ¢cm in women.
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FIGURES

Eligible participants aged 2 15 years
n=2240

Response rate to the survey = 42.4%

Participants in the survey
n=950

Included participants:
hs-CRP analyses, n=744
IL-6 and TNF-a analyses, n=743

Excluded participants for the purpose of
inflammatory biomarker analyses, n=206
* Age < 18 years, n=90

* Missing data on hs-CRP, n=4

* hs-CRP concentrations = 10 mg/L, n=112*

Figure 1. Flow of participants through the Nituuchischaayihtitaau Aschii Multi-

Community Environment and Health Study in liyiyiu Aschii. Abbreviations: hs-CRP, high-

sensitivity C-reactive protein; IL-6, interleukin-6; TNF-a, tumor necrosis factor-alpha.

*112 participants with hs-CRP concentrations > 10 mg/L were excluded based on a clinical

criteria indicative of the presence of an active acute infection.?®
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SUPPLEMENTARY FILES

Supplementary File 1. Details on the interviewer-administered semi-quantitative food

frequency questionnaire

Participants reported their usual food intake on an 81-item interviewer-administered semi-
quantitative food frequency questionnaire (FFQ). The FFQ was divided into two sections:
53 items on traditional foods consumed during the past year (i.e. consumption of game
animals, fish, birds and berries; taking into account seasonal variation) and 28 items on
commercial foods eaten during the last 30 days. Interviewers and translators were selected
from local communities and received appropriate training in dietary assessment techniques.
Research team members also reviewed the FFQ to ensure that all questions were answered
adequately and appropriately. Food intakes derived from the FFQ are expressed in terms of

daily frequency of consumption. An example of the FFQ can be viewed in another report.!

'Nieboer E, Dewailly E, Egeland GM, Chateau-Degat M-L, Bonnier-Viger Y.
Nituuchischaayihtitaau Aschii. Multi-Community Environment-and-Health Longitudinal
Study in Eeyou Istchee: Eastmain and Wemindji. Technical report: summary of 2007
activities, results and recommendations. In: Nieboer E, Robinson E, Petrov K (eds). Public
Health Report Series 4 on the Health of the Population. Chisasibi, QC: Cree Board of
Health and Social Services of James Bay, 2011, pp. 280-289
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Supplementary File 2. Details on the number and percent of missing data for each

covariable considered in the multivariate logistic regression analysis

60

n=0 (no missing data) for sex, age, community, glucose concentrations, insulin
concentrations, presence of type 2 diabetes and use of anti-inflammatory, anti-
hypertensive, antidiabetic or lipid-lowering medication;

n=1 (0.1%) for high-density lipoprotein cholesterol (HDL-C), triglycerides, red
blood cell (RBC) eicosapentaenoic acid (EPA), RBC docosapentaenoic acid
(DPAn-3), RBC docosahexaenoic acid (DHA), and environmental contaminants
(persistent organic pollutants, including polychlorinated biphenyls and
organochlorine pesticides);

n=3 (0.4%) for toxic metals (cadmium, mercury, lead);

n=7 (0.9%) for low-density lipoprotein cholesterol (LDL-C);

n=14 (1.9%) for systolic and diastolic blood pressure and waist circumference;

n=17 (2.3%) for drinking habits;

n=18 (2.4%) for smoking;

n=24 (3.2%) for physical activity



CHAPITRE 5 :

UN PROFIL ALIMENTAIRE TRADITIONNEL EST
ASSOCIE A DES CONCENTRATIONS PLASMATIQUES DE
CHOLESTEROL ELEVEES CHEZ LES INUITS DU
NUNAVIK

Labonté¢ ME, Dewailly E, Lucas M, Chateau-Degat ML, Couture P, Lamarche B.

Traditional dietary pattern is associated with elevated cholesterol among the Inuit of
Nunavik

J Acad Nutr Diet. 2014. 114(8):1208-1215.¢3.
http://dx.doi.org/10.1016/j.jand.2013.12.017
Copyright 2014 Academy of Nutrition and Dietetics

Reproduit avec la permission de Elsevier
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RESUME

Cette ¢étude transversale avait pour but d’évaluer les associations entre des profils
alimentaires et les facteurs du risque cardiovasculaire (incluant les biomarqueurs
inflammatoires) chez les Inuits du Nunavik (province de Québec). La collecte des mesures
cliniques, des échantillons sanguins et des données nutritionnelles a 1’aide d’un
questionnaire de fréquence alimentaire (FFQ) a été effectuée dans le cadre du 2004
Nunavik Inuit Health Survey. Un échantillon de 666 Inuits agés de 18 ans ou plus a été
inclus dans les analyses. Les profils alimentaires ont été identifiés par une analyse en
composantes principales. Les associations entre les profils alimentaires et les facteurs du
risque cardiovasculaire ont ét¢ évaluées a 1’aide de mod¢les linéaires généralisés (GLM)
tenant compte du sexe, de 1’age, du tour de taille et d’autres variables potentiellement
confondantes. Quatre profils alimentaires ont été identifiés, soit les profils « Traditionnel »,
« Western », « A faible valeur nutritive » et « Prudent ». Le profil « Traditionnel » était
positivement associ¢ aux concentrations de cholestérol (C)-total, de LDL-C,
d’apolipoprotéine B100, de LDL oxydées ainsi qu’au diamétre majeur des LDL (P pour la
tendance < 0,04), mais ne montrait aucune association avec le ratio C-total : HDL-C ni avec
les biomarqueurs inflammatoires (P pour la tendance > 0,19). Le profil « A faible valeur
nutritive » €tait positivement associ¢é aux LDL oxydées (P = 0,04), mais inversement
associ¢ a la hs-CRP (P < 0,0001). Les profils « Western » et « Prudent » ne montraient
aucune association avec les facteurs du risque cardiovasculaire. Ces résultats démontrent
qu’une forte adhésion a un profil alimentaire traditionnel chez les Inuits du Nunavik n’est
pas associ¢e a des changements importants dans les facteurs du risque cardiovasculaire,
sauf pour une légere augmentation des concentrations de cholestérol, fort possiblement
attribuable a une plus grande consommation d’acides gras oméga-3 d’origine marine. Les
profils alimentaires reflétant 1’introduction récente des aliments du commerce dans
I’alimentation des Inuits du Nunavik semblent exercer une influence non significative sur

les facteurs du risque cardiovasculaire.
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ABSTRACT

The present cross-sectional study assessed the associations between dietary patterns and
cardiovascular disease (CVD) risk factors among Nunavik Inuit. This study was conducted
as part of the 2004 Nunavik Inuit Health Survey, which included the collection of clinical
measurements, plasma samples and diet information from a food frequency questionnaire.
A sample of 666 Inuit aged 18 years and over was included in analyses. Dietary patterns
were generated by principal component analysis. Multivariate general linear models
adjusting for sex, age, waist circumference and other potential confounders were used to
examine associations between dietary patterns and CVD risk factors. Four distinct patterns
were identified, namely the traditional, Western, nutrient-poor food and healthy patterns.
The traditional pattern showed positive associations with plasma total-cholesterol (C), low-
density lipoprotein (LDL)-C, apolipoprotein B100, LDL peak particle diameter and
oxidized-LDL (all P trend < 0.04), but showed no association with the total-C/high-density
lipoprotein-C ratio or with inflammatory biomarkers (all P trend > 0.19). The nutrient-poor
food pattern was positively associated with oxidized-LDL (P=0.04), but inversely
associated with high-sensitivity C-reactive protein (P<0.0001). The Western and healthy
patterns showed no association with any CVD risk factor. Our data show that high
adherence to a traditional pattern among Nunavik Inuit is not associated with important
changes in CVD risk factors, with the exception of a slight elevation in cholesterol
concentrations, most likely attributable to increased omega-3 fatty acid intake. Dietary
patterns reflecting the recent introduction of market foods in the Inuit diet appear to exert a

trivial impact on CVD risk factors.
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INTRODUCTION

The nutrition transition concept describes the rapid dietary and physical activity changes in
transitional countries.! Among Canadian Inuit populations, the nutrition transition took
place over the last 50 years.>® This transition is characterized by a decline in the
consumption of nutrient-dense traditional foods originally gathered by Inuit from their local
environment concurrent with an increase in the consumption of non-nutrient-dense/energy-
dense market foods.>* This shift towards westernized diets high in total fat, refined
carbohydrates and sugar®® from market foods parallels an increase in the prevalence of

6,7

contemporary metabolic disorders including obesity,’ cardiovascular diseases (CVD),?

and diabetes’ in the Inuit population.

The identification of overall dietary patterns, which takes into consideration possible
interactions between nutrients or food items,'? reflects the complexity of the diet and may
provide insightful information on its relationship with CVD risk factors. Only a few studies
have examined the association between dietary patterns and CVD risk factors among
aboriginal communities including Alaska Natives,'"!> Ojibwa-Cree from northwestern
Ontario, Canada,'® and Greenlandic Inuit."* Among Inuit from Nunavik (Northern Quebec,
Canada), studies on CVD risk factors have focused mainly on specific nutrients such as n-3

1316 or specific food groups, such as dairy products and

fatty acids and trans fatty acids,
fish.!”!® The relationship of dietary patterns, rather than specific nutrients or food items,

with CVD risk factors has never been determined in the Nunavik Inuit population.

Thus, the purpose of the present study was to derive dietary patterns from principal
component analysis (PCA) and to evaluate their association with key CVD risk factors,
including plasma lipids-lipoproteins and inflammatory biomarkers, among Nunavik Inuit.
We hypothesized that westernized dietary patterns among Inuit from Nunavik are

associated with a deteriorated CVD risk factor profile.
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METHODS
Population and study design

Data collection for the present cross-sectional study was carried out aboard the Canadian
Coast Guard ship (CCGS) Amundsen from August 27" to October 1% 2004, as part of the
Nunavik Inuit Health Survey entitled “Qanuippitaa? — How are we?”. The ship visited the
14 Inuit communities of Nunavik. The target population was permanent residents of
Nunavik aged 18 years and over. Residents of collective dwellings (i.e. hotels, hospitals,
jails) were excluded as well as households in which no Inuit was aged 18 years and over.
The survey used a complex two-stage stratified random sampling of private Inuit
households across the 14 communities of Nunavik. Further details on the sampling process
are reported elsewhere.!” The present study sample included 666 Inuit adults. Flow of
participants and reasons for exclusion are provided in Supplementary File 1. The survey
was approved by ethics committees of Laval University and Institut national de santé
publique du Québec. Participants provided written informed consent after watching a video

describing the study.
Clinical and biological measurements

Clinical and biological measurements were collected during a 3-h clinical session aboard
the CCGS Amundsen, as previously described.®” Diagnosis of type 2 diabetes status was

based on self-report.

Participants were instructed to fast for at least 8 h prior to venipuncture. After
centrifugation and storage in -80°C freezers onboard the CCGS Amundsen, collected blood
samples were sent at the Centre Hospitalier de 1’Université Laval for analyses of the lipid-
lipoprotein and inflammatory profiles. Methods used for the analysis of total-cholesterol
(C), low-density lipoprotein (LDL)-C, high-density lipoprotein (HDL)-C, triglycerides
(TG), apolipoprotein (apo)-Al, apoB100, LDL peak particle diameter (LDL-PPD) and
plasma high-sensitivity C-reactive protein (hs-CRP) concentrations have been reported
previously.”!®2 Plasma oxidized-LDL concentrations were measured by enzyme-linked

immunosorbent assay by use of monoclonal antibody mAb-4E6 (Mercodia AB, Uppsala,
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Sweden). Plasma concentrations of interleukin-6 (IL-6) and tumor necrosis factor-alpha
(TNF-a) were measured using commercial enzyme-linked immunosorbent assay kits (R&D
Systems Inc., Minneapolis, MN, USA). Coefficients of variation were 7.8% for IL-6 and
8.4% for TNF-a.

Lifestyle and socioeconomic information

Participants completed interviewer- and self-administered questionnaires in order to
document their lifestyle and socioeconomic characteristics (e.g. smoking habits, education
level).!? Classification of participants according to smoking status, drinking habits, physical

activity levels and education level has been described previously by our group.?!
Dietary assessment

Diet information was collected during a face-to-face interview with a food frequency
questionnaire (FFQ) adapted for use in the Inuit population, as previously described.!” The
FFQ was available in Inuktitut, English and French. It inquired on the consumption of 69
food items and beverages divided into two major categories: traditional Inuit foods (25
items) and market foods (44 items). Detailed information on the FFQ, including

computerization of the collected data, is provided elsewhere.??
Dietary patterns

Food items from the FFQ were aggregated into 27 predefined food groups based on food
groupings used in previous studies that identified dietary patterns among circumpolar
populations.'?* Food items included in each food group can be viewed in Supplementary
File 2. Daily intakes (g/day) for each food group were logarithmically transformed
(log[x+1]) prior to PCA in order to achieve normality. Dietary patterns were generated by
PCA on the basis of the 27 food groups by means of the varimax orthogonal procedure.?*
The number of factors to retain was determined using Eigenvalues > 1, the Scree plot, and
interpretability of the factors. Seven factors had Eigenvalues > 1. Based on the Scree plot
and the interpretability of the factors, four factors were retained for subsequent analysis of
the association between dietary patterns and CVD risk factors. Dietary patterns were

labeled according to food groups with high loading on each factor. Factor loadings with
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absolute values > 0.30 were considered as significantly contributing to a given dietary
pattern. For each participant, a factor score for each pattern was calculated by using SAS
SCORE procedure. Scores were calculated by summing the observed intakes of food
groups weighted by their respective factor loadings. Dietary pattern scores were categorized

into quartiles.
Statistical analyses

Associations between quartiles of dietary patterns and characteristics of participants were
assessed using general linear models (SAS PROC GLM) for continuous variables or the
Cochran-Armitage trend test for categorical variables. Multivariate general linear models
(SAS PROC GLM) were used to assess the association between quartiles of dietary patterns
and CVD risk factors. Potential confounders considered in the models were sex
(male/female), age (continuous), waist circumference (continuous), physical activity (< or >
3.5 h/week for at least one season in the previous year), smoking status (non, ex-, or current
smokers), drinking habits (never, light: < 1 drink/d, moderate: 1-2 drinks/d, or heavy
drinkers: > 2 drinks/d), education level (less, equal to, or more than completed high
school), diabetes (yes/no), and use of lipid-lowering medication (yes/no). Clinical relevance
guided the choice of covariates. Only covariates that showed an association with a given
CVD risk factor at P < 0.10 were kept in the final model. Adjusted means = SEM were
computed by quartiles of dietary patterns for each CVD risk factor. Adjustment for body
weight, body weight and height, body mass index or body fat instead of waist
circumference had no impact on the results, unless stated otherwise. Tests for trend across
quartiles of adherence to each dietary pattern were performed within the multivariate
models using the CONTRAST option “linear”. Median scores in each quartile category
were used for the trend analysis. Assumptions for use of general linear models were
verified for each of the CVD risk factors and variables were natural log-transformed prior
to analysis when required. Statistical analyses were performed using the Statistical Analysis
Software (version 9.2, 2008, SAS Institute Inc, Cary, NC). Statistical significance was set
at a P value of <0.05.
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RESULTS AND DISCUSSION

Table 1 shows characteristics of the study participants. Participants were mainly women
(55%), young (36 + 14 years), overweight (BMI: 27.5 + 5.7 kg/m?), and current smokers
(75%). Mean plasma lipid and blood pressure profiles were within normal ranges. Self-

reported prevalence of diabetes was 5.3%.

Four dietary patterns were identified with PCA (Table 2). These four patterns explained
38.5% of the variance in food intake. The variation accounted for each factor was 17% for
traditional, 10.2% for Western, 6.4% for nutrient-poor food, and 4.9% for healthy patterns.
Consistent with observations from previous studies,!!'>? the traditional dietary pattern
reflects the consumption of local foods obtained from hunting, fishing and gathering
activities (Table 2) and is associated with older age among the Nunavik Inuit population (P
trend = 0.0003; Supplementary File 3). On the other hand, the Western, nutrient-poor food
and healthy patterns reflect the important contribution of market foods in the actual Inuit
diet. The Western pattern loaded high on products typically consumed in Western diets
such as potatoes, store-bought meat and alternatives (red meat, processed and fatty meat,
poultry, and eggs), refined grain products, and fried food. The nutrient-poor food pattern
was characterized by high loadings for energy-dense, nutrient-poor foods including potato
chips, soft drinks, fried food and sweets and desserts. The healthy pattern was characterized
by higher intakes of store-bought foods recognized as “healthy food choices” including
100% fruit juice, fruits, vegetables, dairy products, whole grain products, as well as
legumes and nuts. The nutrient-poor food and healthy patterns were inversely associated
with age (both P < 0.04; Supplementary File 3), reflecting a decline in the consumption of
traditional foods in favour of the consumption of market foods among younger adults in the

Nunavik Inuit population.

As shown in Table 3, plasma total-C, LDL-C, apoB100, and oxidized-LDL concentrations
as well as LDL-PPD increased across quartiles of traditional pattern, independently of
potential confounders (all P trend < 0.04). Consistent with our results, Eilat-Adar et al.!!
observed that adherence to a traditional dietary pattern tended to be associated with higher
LDL-C concentrations in the Inupiat of Alaska after adjustment for confounders similar to

the ones we have considered in the present study. On the other hand, a study conducted in
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Alaskan Yup’ik showed no difference in LDL-C concentrations between the lowest (< 10%
of energy) and highest (> 31% of energy) quintiles of traditional food intake after
adjustment for age, sex and BML!?2 ApoB-100, LDL-PPD and oxidized-LDL were not

assessed in these two previous studies.!"!?

The association noted between the traditional dietary pattern and LDL concentrations may
intuitively appear as undesirable in the context of CVD prevention. However, although
total-C and LDL-C concentrations increased across quartiles of traditional pattern, no
difference was found between quartiles in the total-C/HDL-C ratio, a stronger risk factor
for ischemic heart disease risk and mortality than total-C alone,>>*® due to a concomitant
trend towards an increase in HDL-C concentrations (P trend = 0.11 and P trend = 0.04
when adjusted for body weight instead of waist circumference). This observation is

consistent with observations from previous studies in Alaska Natives'!*!?

and suggests the
presence of a potentially higher capacity for reverse cholesterol transport. We also stress
that the Inuit population from Nunavik has high HDL-C concentrations, which makes them
less prone to changes attributable to dietary variation. Furthermore, the increase in LDL-
PPD across quartiles of traditional pattern also suggests a lower risk of CVD.?’ The positive
association observed between traditional pattern and oxidized-LDL was expected
considering that traditional foods represent a source of polychlorinated biphenyls which,
together with LDL-C concentrations, have previously been shown as positive predictors of
the variance in oxidized-LDL in the Inuit from the village of Salluit, Nunavik.?® However,
it is stressed that oxidized-LDL concentrations remain very low in Inuit from Nunavik.?®
Plasma LDL-C concentrations have been shown to increase with the consumption of high
doses of long-chain n-3 polyunsaturated fatty acids (n-3 LC-PUFA).*3* Relative
concentrations of n-3 LC-PUFA from marine sources in erythrocyte membranes are valid
biomarkers of n-3 LC-PUFA intake.’!* Accordingly, n-3 LC-PUFA in erythrocytes
increased across quartiles of traditional pattern in the present study (data not shown). Based

on this and on a previous report from our group,'

we hypothesize that the positive
association noted between traditional dietary pattern and LDL-C and apoB100 even after
adjustment for confounders such as age may be partly attributable to a higher consumption
of n-3 LC-PUFA among Inuit showing a greater degree of adherence to the traditional

pattern. In sum, the traditional pattern is associated with increased plasma cholesterol
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concentrations but also with larger LDL and shows no association with the total-C/HDL-C
ratio and biomarkers of inflammation. These observations suggest overall that adherence to
a traditional dietary pattern among Inuit from Nunavik is not associated with an increased
risk of CVD, especially if we consider that concentrations of cholesterol and other CVD
risk factors in the Inuit population may not have similar CVD risk implications than in
other populations. Nevertheless, these associations need to be further investigated in

longitudinal studies.

The nutrient-poor food pattern in the present study of Inuit from Nunavik was positively
associated with oxidized-LDL concentrations (P trend = 0.04, Table 3), but, unexpectedly,
showed an inverse association with hs-CRP concentrations even after adjustment for
abdominal obesity (P trend < 0.0001). However, this association was no longer significant
after adjustment for body weight instead of waist circumference (P trend = 0.09). Food
groups loading high on the nutrient-poor food pattern comprise food items that were
important sources of industrially-produced trans fatty acids (TFA) when the survey was
conducted. Consumption of these food items has previously been positively correlated with
blood TFA in the Inuit population from Nunavik'® and there is evidence that TFA
consumption promotes low-grade systemic inflammation.** Recent data from our group
indicated that age and waist circumference are among the most significant and independent
correlates of elevated hs-CRP concentrations in the Inuit population from Nunavik.?!
Residual confounding effects of age and waist circumference/obesity may therefore
account, at least partly, for this inverse association between the nutrient-poor food pattern
and low-grade systemic inflammation. Indeed, hs-CRP concentrations may be lower in
Inuit with a high degree of adherence to the nutrient-poor food pattern only because they
are considerably younger and have a significantly lower mean waist circumference than
Inuit with a low degree of adherence to this pattern (Supplementary File 3). This, however,

warrants further investigation in the future.

Adherence to the Western and healthy patterns was not associated with any CVD risk
factor (all P trend > 0.08, Table 3). The absence of association between the Western, the
healthy and even the nutrient-poor food dietary patterns and the vast majority of CVD risk

factors investigated in this study suggests that these “contemporary” dietary patterns have
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limited impact on CVD risk factors in Nunavik Inuit once other socio-demographic,
lifestyle or anthropometric characteristics have been considered. A similar inference has
been suggested by Eilat-Adar et al.!' after having observed no clinically meaningful
association between various dietary patterns and inflammatory biomarkers among Inupiat
of Alaska. We cannot exclude the possibility that the lack of association between the
Western, nutrient-poor food and healthy dietary patterns and CVD risk factors is
attributable to limitations inherent to the cross-sectional design and dietary assessment in
this study. Indeed, dietary assessment tools such as FFQ are subjected to substantial
measurement errors and biases.® It is also stressed that the cultural context of Nunavik
made it difficult to collect complete dietary information, as paying attention to details
regarding the food being consumed (e.g. food brands) is not a priority for the Inuit people
of Nunavik.*® Dietary pattern analysis (PCA) is also complicated in interpretation and
translation to the individual level. This may contribute to some of the lack of findings with

CVD risk factors.

Strengths and limitations inherent to this study need to be pointed out. First, causality
cannot be inferred from the observed associations due to the cross-sectional design of the
study. Second, as in all observational studies, residual confounding by unconsidered or
unmeasured factors may have occurred although adjustment for several covariates was
taken into account in the analyses. Third, PCA involves a substantial part of subjectivity.’’
However, primary dietary data obtained from the FFQ were collapsed into food groups
based on previous studies that have identified dietary patterns among circumpolar
populations.'!?* Eigenvalues and the Scree plot were used as criteria to determine the final
number of patterns to retain. A specific cut-off value was used to determine food groups
that significantly contributed to each pattern and the labeling of the patterns was based on
food groups loading high on each pattern as well as labels previously used in the literature.

These steps limit subjectivity and also allow data replication in future studies.
CONCLUSIONS

A high adherence to a traditional dietary pattern among Nunavik Inuit is not associated
with important changes in CVD risk factors, with the exception of a slight elevation in

cholesterol concentrations, most likely attributable to increased omega-3 fatty acid intake.
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Dietary patterns reflecting the recent introduction of market foods in the diet of the Inuit
population appear to exert only a trivial impact on CVD risk factors. Further longitudinal,
prospective investigations are needed to confirm the present findings in the Inuit population

from Nunavik and other circumpolar populations.
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TABLES

Table 1. Characteristics of study participants from the 2004 Nunavik Inuit Health Survey®®

Characteristics Total n°
Males (%) 666 44.6
Age (years) 666 364 + 13.6
Weight (kg) 648 70.0 £ 159
BMI (kg/m?) 648 275 + 5.7
% Body fat 647 273 + 104
Waist circumference (cm) 657 91.6 =+ 13.6
Cholesterol (mg/dL)?

Total-C 657 193.0 £ 38.9

LDL-C 657 108.2 + 34.0

HDL-C 657 63.6 £+ 17.9
Total-C/HDL-C ratio 657 3.1 (3.0-3.2)°
Triglycerides (mg/dL)¢ 657 93.4 (89.9-97.0)°
Apolipoproteins

ApoB100 (mg/dL)4 659 95.0 + 24.4

ApoAl (mg/dL)? 659 169.9 + 29.8
LDL peak particle diameter (A) 659 2558 + 2.7
Oxidized-LDL (U/L) 642 51.6 £ 154
Blood pressure (mmHg)

Systolic 661 117.7 £ 143

Diastolic 661 73.8 £ 9.5
Inflammatory markers

Hs-CRP (mg/L) 658 1.2 (1.1-1.3)°

IL-6 (pg/mL) 642 1.8 (1.7-1.9)°

TNF-a (pg/mL) 642 1.9 (1.8-2.0)°
Fasting glucose (mg/dL)! 657 80.6 (79.5-81.7)°
Fasting insulin (uIU/mL)4 655 7.4 (7.1-7.8)°
Physical activity (> 3.5 h/wk, %)" 636 45.4
Smoking (current, %) 666 74.5
Drinking (> 1 drink/day, %) 535 26
Education level (> high school, %) 666 27.2
Diabetes (yes, %) 658 53
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* Apo = apolipoprotein; BMI = body mass index; C = cholesterol; HDL = high-density
lipoprotein; hs-CRP = high-sensitivity C-reactive protein; IL-6 = interleukin 6; LDL = low

density lipoprotein; TNF-o = tumor necrosis factor-alpha.
® Values are means + SD unless stated otherwise.
¢ Total number of participants in the study sample for whom data was available.

4 To convert cholesterol to mmol/L, multiply by 0.0259; to convert triglycerides to mmol/L,
multiply by 0.0113; to convert apolipoproteins to g/L, multiply by 0.01; to convert fasting
glucose to mmol/L, multiply by 0.0555 and to convert fasting insulin to pmol/L, multiply
by 6.945.

¢ Values are geometric means (95% confidence intervals).

f Physical activity > 3.5 h/week for at least one season in the previous year.
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Table 2. Factor-loading matrix for four dietary patterns derived from principal component

analysis among Inuit of the 2004 Nunavik Health Survey?

Dietary patterns
Traditional Western Nutrient-poor food Healthy

Food groups (factor 1)  (factor 2) (factor 3) (factor 4)
Fish and seafood 0.69 — — 0.16
Land animals meat and organ 0.68 — 0.15 —
Game birds meat 0.68 — — —
Marine mammal meat 0.67 — — —
Marine mammal fat 0.58 — -0.17 —
Wild berries 0.55 — — —
Eggs from game birds 0.55 — — —
Potatoes — 0.70 — 0.22
Store-bought red meat — 0.58 0.31 0.24
Vegetables — 0.55 — 0.50
Processed meat — 0.54 0.22 —
Poultry — 0.52 — —
Chicken eggs — 0.51 — -0.16
Refined grain products — 0.37 0.34 0.24
Potato chips — — 0.70 —
Carbonated beverages — — 0.70 —
Fried food — 0.41 0.51 0.22
Fruit juice — — 0.24 0.63
Fruits 0.15 0.31 — 0.56
Dairy products — — — 0.56
Whole grain products — — -0.42 0.43
Hot beverages — — — —
Sweets and desserts — — 0.35 0.27
Bannock 0.24 — -0.33 —
Flavored drinks — — 0.29 —
Legumes and nuts 0.15 0.15 -0.16 0.37
Spread fat — 0.18 — 0.16

? Absolute values < 0.15 were omitted from the table for simplicity. Food groups with
absolute factor loadings > 0.30 (in bold) were considered as significantly contributing to the

pattern.
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Table 3. Dietary patterns associations with cardiovascular disease risk factors among Inuit of the 2004 Nunavik Health Survey (n =

666)™°

Traditional Western Nutrient-poor food Healthy
Biomarkers Q1 Q4 P trend Q1 Q4 P trend Q1 Q4 P trend Q1 Q4 P trend
Total-C (mg/dL)*¢ 158.6£1.0 168.4+1.0  0.003 166.6+1.0  168.4+1.0 0.65 166.9+1.0  162.5+1.0 0.58 163.9+1.0  163.7+1.0 0.67
LDL-C (mg/dL)*%f 78.4+1.0 86.8+1.0 0.001 85.2+1.0 85.0£1.0 0.87 83.1£1.0 83.1£1.0 0.60 82.5+1.0 81.9£1.0 0.74
HDL-C (mg/dL)* 62.0+2.3 65.2+2.3 0.11 63.7+2.3 64.1£2.4 0.82 63.6+2.3 62.4+2.3 0.38 63.9+2.3 61.6+2.3 0.07
Total-C/HDL-C ratio? 2.96+1.03 2.98+1.03 0.57 3.05+£1.04  3.04+1.03 0.78 2.99+1.03 3.07+1.04 0.18 2.96+1.04 3.03£1.03 0.42
Triglycerides (mg/dL)"&" 88.1£1.0 82.2+1.0 0.58 85.4+1.0 90.3£1.0 0.52 88.3£1.0 86.6£1.0 0.97 89.5+1.1 94.0+1.1 0.50
ApoB100 (mg/dL)*¢ 80.1+1.0 85.3+1.0 0.02 85.3+1.0 85.7+1.0 0.99 84.4+1.0 83.5+1.0 0.86 83.2+1.0 84.4+1.0 0.88
ApoAl (mg/dL)*¢ 168.7+£1.0 173.2+1.0 0.14 169.0£1.0 171.3%1.0 0.49 172.3+1.0  167.3+1.0 0.14 169.6+1.0 170.3%1.0 0.56
LDL peak particle diameter (A) ~ 255.120.3  255.6+0.3 0.04 254.8+0.3  255.4+0.3 0.08 2552403  255.0+0.3 0.39 255.3+0.3  255.0+0.3 0.19
Oxidized-LDL (U/L)* 442+1.0  48.0£1.0 0.02 46.8£1.0  48.2£1.0 0.57 453£1.0  48.5£1.0 0.04 45.8+t1.0  46.0£1.0 0.96
Hs-CRP (mg/L)* 1.38+1.10  1.18+1.10 0.19 1.12+1.10  1.15+1.10 0.60 1.58+£1.10  0.94+1.10 <0.0001 1.25+1.10  1.22+1.10 0.91
IL-6 (pg/mL)* 1.84+1.06  1.78+1.06 0.74 1.83+1.06  1.73+1.06 0.26 1.81+1.07  1.81+1.06 0.93 1.78+1.06  1.85+1.06 0.55
TNF-o (pg/mL)* 1.76+1.04  1.74+1.05 0.86 1.98+1.05  1.92+1.05 0.28 1.84+1.05  1.89+1.05 0.89 1.93+1.04  1.94+1.05 0.76

* A dietary pattern score was computed for each participant for each of the four dietary patterns derived from principal component
analysis. Within each dietary pattern, participants were classified into quartiles based on their individual score. Associations were
assessed using the general linear model (GLM) procedure. Means = SEM are each adjusted for one or more of the following potential
confounders: sex (male/female), age (continuous), waist circumference (continuous), physical activity (< or > 3.5 h/week for at least
one season in the previous year), smoking status (non, ex-, or current smokers), drinking habits (never, light, moderate, or heavy

drinkers), education level (less, equal to, or more than completed high school), diabetes (yes/no), and use of lipid-lowering medication
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(yes/no). Covariates differed between biomarkers since they were kept in the final model when they were associated at P < 0.10 with
the dependent variable. Thus, total-C and LDL-C are adjusted for age, waist circumference, diabetes, education level and lipid-
lowering medication in all four dietary patterns. Total-C is also further adjusted for sex and drinking habits (except for the healthy
pattern, in which total-C is not further adjusted for sex). HDL-C and total-C/HDL-C ratio are adjusted for sex and waist circumference
in all four dietary patterns. HDL-C is also adjusted for age, smoking status, drinking habits and lipid-lowering medication, while total-
C/HDL-C ratio is further adjusted for diabetes and education level. TG are adjusted for waist circumference and smoking status in all
four dietary patterns and are further adjusted for lipid-lowering medication in the healthy pattern. ApoB100 is adjusted for age, waist
circumference, drinking habits, diabetes and education level (except for the nutrient-poor food and healthy patterns, in which apoB100
is not adjusted for drinking habits). ApoAl is adjusted for sex, age, waist circumference and smoking status in all four dietary patterns.
LDL-peak particle diameter is adjusted for sex and lipid-lowering medication in all four patterns and is further adjusted for waist
circumference in the nutrient-poor food pattern. Oxidized-LDL are adjusted for age, waist circumference, drinking habits, diabetes and
education level (except for the nutrient-poor food pattern, in which oxidized-LDL are not adjusted for drinking habits). Hs-CRP is
adjusted for age and waist circumference (except for the nutrient-poor food pattern, in which hs-CRP is not adjusted for age). IL-6 is
adjusted for age, sex and waist circumference in all four patterns. TNF-a is adjusted for age only in the traditional and nutrient-poor

food patterns and for age and sex in the Western and healthy patterns.

® Apo = apolipoprotein; C = cholesterol; HDL = high-density lipoprotein; hs-CRP = high-sensitivity C-reactive protein; IL-6 =

interleukin 6; LDL = low density lipoprotein; TNF-a = tumor necrosis factor-alpha.

¢ To convert cholesterol to mmol/L, multiply by 0.0259; to convert triglycerides to mmol/L, multiply by 0.0113 and to convert
apolipoproteins to g/L, multiply by 0.01.
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4 Variables were log-transformed prior to analysis. Geometric means + SEM are shown for these variables.

¢ In the traditional pattern, total-C concentrations differed between quartiles (P = 0.007). More specifically, total-C concentrations
were significantly lower in Q1 compared with Q3 (169.6 + 1.0) and Q4 (shown above), as determined by the Tukey adjustment within
the GLM procedure (P < 0.05).

" In the traditional pattern, LDL-C concentrations differed between quartiles (P = 0.009). More specifically, LDL-C concentrations
were significantly lower in Q1 compared with Q3 (85.5 £ 1.0) and Q4 (shown above), as determined by the Tukey adjustment within
the GLM procedure (P < 0.05).

¢ Inuit who had not been fasting for at least 8 h prior to blood sample collection (n = 89) were excluded from analyses for triglycerides.

" In the traditional pattern, TG concentrations differed between quartiles (P = 0.01). More specifically, TG concentrations were
significantly higher in Q3 (97.4 £ 1.0) compared with Q2 (86.9 + 1.0) and Q4 (shown above), as determined by the Tukey adjustment
within the GLM procedure (P < 0.05).

" In the nutrient-poor food pattern, hs-CRP concentrations differed between quartiles (P = 0.0009). More specifically, hs-CRP
concentrations were significantly higher in Q1 (shown above) compared with Q2 (1.34 £ 1.10), Q3 (1.11 + 1.10) and Q4 (shown
above), as determined by the Tukey adjustment within the GLM procedure (P < 0.05). Hs-CRP concentrations were also significantly
higher in Q2 compared with Q4 (P < 0.05).
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SUPPLEMENTARY FILES

Supplementary File 1. Reasons for non-response to the FFQ in the Nunavik Inuit Health

Survey 2004 among the 891 individuals who signed the consent form?

Food Frequency Questionnaire

Reason for non-response No. of subjects

No time, too late® 30
Inadequate interview® 19
Refusal? 15
Did not show up® 15
Tired® 11
Day 2 run-in period® 11
Handicapped" 7
Unspecified! 6
Home visit/ 5
Confused® 1
Erroneous age' 1
Was forgotten™ 1

Total 122

* Among 677 households visited by the research team (number decided prior to the survey),
521 households agreed to participate, giving a response rate of 77.8%. The 521 households
represented 1294 eligible individuals (men and non-pregnant women aged between 18 and
74 years), among whom 891 individuals signed the consent form and 769 of them also
completed a food frequency questionnaire (FFQ). Reasons for non-response to the FFQ are
provided in the Table and are adapted from pages 193-194, 196 of reference 19. We further
excluded non-Inuit individuals (n = 17), and individuals who had missing data for at least
one of the 27 food groups created for the identification of dietary patterns, as factor scores
could not be determined for those participants (n = 86). The final study sample for the

present work thus included 666 Inuit adults.
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® It was too late and the ship had to leave for another village. The staff did not have time to

complete the test or the questionnaire.

¢ The dietary questionnaires of some participants were rejected due to a lack of information.

Some participants struggled to recall or figure out their food consumption with exactness.

4 The participant consented to some tests or questionnaires but refused a specific survey

instrument.

¢ The participant had signed a consent form at home but did not go to the ship for data

collection.
" The participant was too tired to continue.

& At the end of the first day of data collection (August 31, 2004), it was decided to
temporarily alleviate the workload of nurses and interviewers to allow better integration of
all activities. Hence, on the second day, the food frequency test was only given in the

afternoon.
" The participant was not surveyed because of a physical or a mental handicap.
i Reason was not recorded by the nurse or the interviewer.

J The participant could not come aboard the ship and had to be seen at home. Most of the
time this situation concerned elderly people and participants with physical restrictions.
Hence, a maximum of testing and questionnaire completion was conducted, but it was
sometimes impossible to complete each survey instrument due to a lack of time and the

logistics.
K The participant’s answers were confusing and not considered valid.

! One participant was considered to be 17 years old whereas the date of birth showed that
the participant was actually 18. None of the clinical tests or nutrition questionnaires was

administered.
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™ The participant had to go through a large number of tests and questionnaires in a short
period of time. On a few occasions, some questionnaires or tests were forgotten and not

administered.
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Supplementary File 2. Food groupings used in the dietary pattern analyses among Inuit
participants in the 2004 Nunavik Health Survey

Food groups

Food Items

Marine mammal meat and

organ

Beluga meat (fresh, cooked or frozen), dried beluga, beluga
muktuk, seal meat (fresh, cooked or frozen, without
blubber), walrus meat, parts of beluga, seal or walrus
(liver, kidney, etc.), igunak (seal)

Marine mammal fat

Beluga or seal misirak/blubber

Fish and seafood

Arctic char, cod, white fish, trout, salmon, other fish (pike,
cisco, walleye, etc.), dried fish, clams, molluscs, mussels,
oysters, scallops, urchin (all fresh, frozen or cooked),
canned fish (salmon, tuna)

Land animals meat and
organ

Caribou meat (fresh, cooked or frozen), dried caribou meat,
caribou liver, kidney and other parts, other game animals
(bear, fox, hare; fresh, cooked or frozen)

Game birds meat

Ptarmigan, partridge, goose, other birds (pintail, scoter,
merganser)

Eggs from game birds

Game birds eggs

Wild berries

Wild berries

Store-bought red meat

Beef (steak, ground, canned, stewed or corned), pork, other
meat (lamb, veal, etc.)

Processed meat

Luncheon or sliced meats (ham, salami, bologna, etc.),
bacon, sausages, wieners

Poultry

Chicken/turkey (breast, legs)

Chicken eggs

Chicken eggs

Fruits (excluding juice)

Apples, pears, bananas, oranges, grapefruit, other fresh
fruits, canned fruit

Fruit juice 100% fruit juice (canned or frozen)

Flavored drinks Tang?, fruit punch, Kool-Aid?, Sunny Delight®, Gatorade®

Vegetables Carrots, turnips, broccoli, cauliflower, cabbage, tomatoes
(fresh or canned), mixed vegetables (fresh, canned or
frozen), other vegetables (peas, corn, etc.)

Potatoes Potatoes (fresh)

Dairy products Milk (whole, 3.25, 2% or skim including evaporated milk)

as drink, in cereals, in coffee or in tea, yogurt, cheese
(slice, cheddar, mozzarella, processed cheese products)

Refined grain products

White bread, cold cereals (cornflakes, etc.), rice, macaroni,
spaghetti, macaroni and cheese dinner

Whole grain products

Whole wheat bread, hot cereals (oatmeal, etc.)

Bannock

Bannock

Legumes and nuts

Beans, peas, chickpeas, peanut butter, nuts, seeds

Sweets and desserts

Ice cream, cakes, doughnuts, pies, cookies, syrup, jam,
honey, marmalade, candy bars, candies, white sugar in tea
or coffee

Carbonated beverages

Regular or diet soda beverages
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Potato chips Potato chips

Fried food Fried chicken or nuggets, French fries
Spread fat Butter or margarine on bread

Hot beverages Tea, herbal tea, coffee

 Kraft Foods Group.

® Sunny Delight Beverages Co.

¢ PepsiCo.
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Supplementary File 3. Dietary patterns associations with socio-demographic, lifestyle, and anthropometric characteristics among

Inuit of the 2004 Nunavik Health Survey (n = 666)*

Traditional Western Nutrient-poor food Healthy
Characteristics Q1 Q4 P trend® Q1 Q4 P trend” Q1 Q4 P trend® Q1 Q4 P trend”
Age (years)* 344+1.0 39.6+x1.0  0.0003 364+1.1 346+1.1 0.27 495+0.8 27.0+0.8 <0.0001 379+1.1 35.1+1.1 0.04
Waist circumference (cm)* 914+1.1 924+1.1 0.23 914+1.1 91.6+1.1 0.84 96.3+1.1 885+1.0 <0.0001 91.6+1.1 932+1.1 0.12
Sex (men) 67 (40.1)  86(51.8) 0.02 74 (44.3) 88 (53) 0.37 74 (44.6)  75(44.9) 0.55 85(50.9) 69 (41.6) 0.08
Physical activity (> 3.5 h/wk)® 66 (41.3)  80(50.3) 0.14 65(40.9)  85(53.5) 0.08 71(44.9)  82(50.9) 0.35 57(36.3)  93(57.4)  <0.0001
Current smoking 136(81.4) 118 (71.1) 0.04 129 (77.3) 126 (75.9) 0.99 91(54.8) 145(86.8) <0.0001 131 (78.4)  120(72.3) 0.06
Drinking status (> 1 drink/d) 44 (31) 28 (21.5) 0.22 26 (19.7)  37(27.8) 0.03 18(15.9) 47(31.5) 0.01 33 (25.6)  36(26.3) 0.99
Education level (> high school) 33 (19.8) 48 (28.9) 0.08 42(25.2)  54(32.5) 0.24 40 (24.1) 44 (26.4) 0.96 33(19.8) 46 (27.7) 0.05
Diabetes (yes) 10 (6.1) 11 (6.6) 0.53 8(4.9) 6(3.7) 0.92 27 (16.4) 0(0) <0.0001 6(3.6) 12 (7.4) 0.22

® A dietary pattern score was computed for each participant for each of the four dietary patterns derived from principal component
analysis. Within each dietary pattern, participants were classified into quartiles based on their individual score. Associations were
assessed using the general linear model (GLM) procedure for continuous variables and the Cochran-Armitage trend test for categorical
variables. Unadjusted means = SEM are presented for age and waist circumference. Number of individuals and percent values (in

parentheses) are shown for categorical variables. Percentages are unadjusted for other variables.
b P values for categorical variables were obtained using the Cochran-Armitage trend test.

¢ In the traditional and nutrient-poor food patterns, age differed between quartiles (P = 0.003 and < 0.0001, respectively). In the
traditional pattern, age was significantly higher in Q4 (shown above) compared with Q1 (shown above) and Q2 (35.1 + 1.0), as
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determined by the Tukey adjustment within the GLM procedure (P < 0.05). In the nutrient-poor food pattern, age was significantly
higher in Q1 (shown above) compared with Q2 (36.5 = 0.8), Q3 (32.7 £ 0.8) and Q4 (shown above) (P < 0.05). Age was also
significantly higher in Q2 compared with Q3 and Q4 and in Q3 compared with Q4 (P < 0.05).

4 In the nutrient-poor food pattern, waist circumference differed between quartiles (P < 0.0001). More specifically, waist
circumference was significantly higher in Q1 (shown above) compared with Q2 (91.2 + 1.0), Q3 (90.6 = 1.0) and Q4 (shown above),
as determined by the Tukey adjustment within the GLM procedure (P < 0.05).

¢ Physical activity > 3.5 h/week for at least one season in the previous year.
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CHAPITRE 6 : ETUDE DES ASSOCIATIONS ENTRE
L’ALIMENTATION ET L’ INFLAMMATION CHEZ LES
NATIONS AUTOCHTONES DU NORD-DU-QUEBEC —
CONCLUSION

Ce premier volet de mon projet de doctorat visait a évaluer, pour la toute premiere fois, les
associations entre 1’alimentation et les concentrations sanguines des biomarqueurs
inflammatoires chez deux nations autochtones du Nord-du-Québec. Le contexte de
I’importante transition nutritionnelle vécue récemment par ces populations m’amenait a
croire de prime abord que la qualit¢ de leur alimentation puisse étre grandement et
significativement associée a leur profil inflammatoire. L’étude chez les Cris de la Baie-
James a permis d’observer, dans une population dont le statut en oméga-3 est modérément
¢levé, que les concentrations érythrocytaires d’acide docosapentaénoique (DPAn-3 ;
«docosapentaenoic acid» ; C22:5 n-3) sont associées de fagon favorable au profil
inflammatoire. D’un point de vue nutritionnel, il faut toutefois retenir que le DPAn-3
correle moins bien avec les apports alimentaires en produits marins que I’EPA ou le DHA.
Chez les Inuits du Nunavik, contre toute attente, un profil alimentaire « A faible valeur
nutritive » caractérisé principalement par la consommation d’aliments camelote était
inversement associ¢ aux concentrations de la hs-CRP. Mis a part ces résultats trés
spécifiques observés dans chacune des deux nations autochtones a 1’étude, force a été de

constater, de facon globale, qu’il y a absence d’associations convaincantes entre différents

facteurs nutritionnels et le profil inflammatoire des Cris de la Baie-James et des Inuits du

Nunavik. Nos hypothéses ne peuvent donc pas étre confirmées.

Un point sur lequel je désire mettre 1’accent suite a la réalisation de ces travaux dans un
cadre épidémiologique est que certaines caractéristiques des participants (ex : age, tour de
taille) peuvent représenter d’importants facteurs confondants dans I’étude des associations
entre I’alimentation et le profil inflammatoire d’une population. Mes travaux ont en effet
permis de constater que de tels facteurs confondants peuvent possiblement masquer et
méme dénaturer les associations attendues entre I’alimentation et 1’inflammation. De plus,
il est relativement évident que certains de ces facteurs confondants sont en fait d’importants

déterminants du profil inflammatoire des populations étudiées. Il apparait donc important
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de prendre en considération ces facteurs confondants/déterminants dans les études futures.
Cette prise en considération ne signifie pas seulement d’ajuster les analyses pour ces
facteurs confondants/déterminants. Je crois plutdt qu’il faudrait prévoir a priori la
réalisation d’analyses en fonction de groupes déterminés sur la base des facteurs
confondants/déterminants du profil inflammatoire identifiés dans les présents travaux. Un
exemple plutdt simple pourrait €tre, chez les Inuits, d’identifier des profils alimentaires
séparément chez les sujets jeunes et chez les sujets plus agés, puis d’évaluer les
associations entre les profils identifiés et I’inflammation. Cela pourrait permettre de
vérifier, dans chacun des groupes d’ages, s’il y a bel et bien présence ou non d’une
association inverse entre I’adhésion a un profil alimentaire de type « A faible valeur
nutritive » (advenant le cas ou un tel profil est identifi¢) et la hs-CRP. La planification
d’analyses en fonction de différents groupes de sujets permettrait également de vérifier
comment 1’alimentation est associée a I’inflammation en mettant 1’accent sur les sous-
groupes les plus a risque d’inflammation chronique de faible intensité, ¢’est-a-dire sur les
sujets qui pourraient le plus bénéficier de modifications alimentaires dans le but
d’améliorer leur statut inflammatoire. Dans cet ordre d’idées, Makhoul et al. (190) ont
obtenu des résultats fort intéressants dans une étude chez les Esquimaux Yup’ik de
I’Alaska. Ils ont démontré que la forte association positive entre 1’obésité et les
concentrations de la hs-CRP observée chez ’ensemble des Yup’ik était substantiellement
atténuée, voire presque nulle, chez les individus avec un IMC au-dessus de 28 kg/m?
présentant des concentrations érythrocytaires élevées d’EPA et de DHA (90° percentile de
la population). Makhoul et al. (190) suggerent donc que des apports €élevés en EPA et DHA
pourraient en quelque sorte « protéger » les individus souffrant d’embonpoint ou d’obésité

contre I’inflammation systémique de faible intensité.

Par ailleurs, je crois que le développement et 1’utilisation d’outils d’évaluation alimentaire
complets et valides représente un aspect important a considérer dans les futures études chez
les nations autochtones. Bien que je reconnaisse qu’apparemment tout ait ét¢ fait en sorte
que les outils d’évaluation alimentaire (questionnaires de fréquence) utilisés chez les Cris
de la Baie-James et les Inuits du Nunavik soient adaptés autant que possible aux
populations étudiées, une validation formelle de ces outils n’a pas été réalisée. En tant que

personne qui n’a jamais mis les pieds en terrain autochtone, je ne peux pas vraiment me
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prononcer sur la faisabilité d’une telle validation chez ces nations. Toutefois, 1'utilisation
d’outils validés de facon formelle pourrait permettre de recueillir des données alimentaires
plus complétes (je pense ici aux aliments du commerce chez les Cris de la Baie-James, dont
les données limitées ont fait en sorte que nous n’avons pas procédé a I’analyse en
composantes principales) et/ou de réduire les erreurs de mesure et biais attribuables a
I’utilisation de données alimentaires auto-rapportées. De plus, considérant que ces
populations semblent peu enclines a porter attention aux détails des aliments qu’elles
consomment (voir la discussion du chapitre 5), le fait de mesurer certains biomarqueurs
nutritionnels comme nous [’avons fait chez les Cris pourrait s’avérer une avenue
particulierement intéressante pour complémenter la cueillette de données alimentaires auto-
rapportées. Considérer a la fois des données nutritionnelles subjectives (questionnaire
alimentaire) et objectives (biomarqueurs) dans une méme étude pourrait permettre de
vérifier si un méme facteur nutritionnel est associé de fagon similaire au profil

inflammatoire dépendamment de la maniére dont il est mesur¢.

Ensuite, il faut souligner que les biomarqueurs inflammatoires qui ont été évalués autant
chez les Cris que chez les Inuits étaient spécifiquement des biomarqueurs pro-
inflammatoires (hs-CRP, IL-6, TNF-a). Considérant que le profil inflammatoire est en
réalité¢ une balance entre des biomarqueurs pro- et anti-inflammatoires, les futures études
portant sur le sujet de I’alimentation et de I’inflammation dans les populations autochtones
du Nord-du-Québec auront sans doute avantage a inclure I’évaluation de biomarqueurs

anti-inflammatoires, dont 1’adiponectine.

Au risque de me répéter, il est important de se rappeler que les deux études présentées aux
chapitres précédents sont de nature transversale et représentent le tout premier portrait, a un
moment donné, des associations entre 1’alimentation et le profil inflammatoire des nations
autochtones du Nord-du-Québec. Notre équipe de recherche était ¢galement la premiére, a
notre connaissance, a avoir évalué¢ la prévalence de I’inflammation chronique de faible
intensité chez ces nations autochtones. De plus amples investigations, notamment de nature
prospective longitudinale, sont requises afin de suivre 1’évolution du statut inflammatoire
de ces populations et d’évaluer a quel point leur alimentation dans le présent peut

influencer leur risque futur d’inflammation chronique de faible intensité. Le défi des études
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futures sera donc d’arriver a déterminer si le rdéle de 1’alimentation sur le profil
inflammatoire des nations autochtones du Nord-du-Québec est bel et bien mineur ou bien si
ce role est simplement masqué par certains facteurs confondants ou certaines limites
méthodologiques. Ces investigations seront nécessaires avant qu’on puisse, ¢ventuellement,
arriver a établir des recommandations alimentaires visant la réduction de I’inflammation
chronique de faible intensit¢ chez les populations autochtones du Nord-du-Québec,
notamment chez les Cris chez qui la prévalence d’un phénotype pro-inflammatoire est treés

¢élevée.
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CHAPITRE 7 : ETUDE DE L’IMPACT DES PRODUITS
LAITIERS SUR L’INFLAMMATION - PROBLEMATIQUE

Plusieurs lignes directrices officielles en matiere de nutrition (« Bien manger avec le Guide
alimentaire canadien », « MyPlate » aux Etats-Unis, « La santé vient en mangeant — Le
guide alimentaire pour tous » en France, etc.) consideérent que les produits laitiers font
partie intégrante d’une alimentation saine. A I’inverse, une recherche bien simple sur le
Web en utilisant un moteur de recherche « grand public » nous permet rapidement de
constater que les régimes anti-inflammatoires populaires préconisent de limiter, voire
d’¢liminer la consommation de produits laitiers. Mythe ou réalit¢? C’est particulierement
dans le but de clarifier ce sujet controversé qu’une partie de mon projet de doctorat a porté

sur I’¢étude des liens entre la consommation de produits laitiers et I’inflammation.

Avant d’aller plus loin, je tiens a préciser que le terme « produits laitiers » désigne ici le
lait, le yogourt et le fromage de source bovine. Je n’aborderai donc pas les effets sur
I’inflammation d’autres produits laitiers animaux (ex : lait de chévre) ou bien de substituts

végétaux (ex : boissons de soya, boissons d’amandes).
7.1 Produits laitiers et inflammation : état des connaissances
7.1.1 Etudes de cultures cellulaires avec des bactéries lactiques

Des études de cultures cellulaires réalisées dans les années 1990 ont montré une
augmentation de la production de diverses cytokines pro-inflammatoires par des cellules
mononucléaires du sang périphérique (PBMC, « peripheral blood mononuclear cells »)
suite a leur incubation avec des bactéries lactiques contenues entre autres dans le yogourt
(196-198). Par exemple, Solis-Pereyra et al. (196) ont observé que I’incubation de PBMC
pendant 48 heures avec le Lactobacillus bulgaricus, le Streptococcus thermophilus ou une
combinaison des deux souches bactériennes avait stimulé la production de 1’interféron-
gamma (IFN-y), de TNF-a et de I’'IL-1B de I"ordre de 5 a 30 fois comparativement a des
PBMC cultivés en I’absence de bactéries lactiques (P < 0,001). Ces données sont peut-étre,
du moins en partie, a I’origine de la croyance populaire comme quoi les produits laitiers

seraient des aliments pro-inflammatoires. Ces observations ne sont tout de méme pas
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totalement surprenantes considérant que les bactéries, de maniere générale, constituent un
¢lément déclencheur du processus inflammatoire par les cellules immunitaires. Il faut aussi
retenir que ces études ex vivo ne reflétent pas nécessairement ce qui survient réellement in
vivo lorsque les produits laitiers sont consommeés en tant qu’aliments entiers. Alors, jetons

un coup d’ceil aux études chez I’humain.
7.1.2 Etudes observationnelles

A ma connaissance, seulement six études observationnelles ont & ce jour évalué les
associations entre la consommation de produits laitiers et le profil inflammatoire chez les
adultes (Tableau 7.1) (199-204). Ces six études sont toutes de nature transversale et elles

sont relativement récentes, ayant €té publiées au cours des sept derniéres années.

Une seule de ces six études s’est intéressée uniquement a la consommation totale de
produits laitiers sans donner de spécifications sur le(s) type(s) et le contenu en maticres
grasses des produits laitiers consommés par 772 hommes et femmes a haut risque
cardiovasculaire (199). Apres ajustement pour diverses variables potentiellement
confondantes (age, genre, IMC, diabé¢te, tabagisme et utilisation de statines, d’anti-
inflammatoires non stéroidiens et d’aspirine), les concentrations de la hs-CRP étaient plus
faibles a travers les tertiles de consommation de produits laitiers, allant de moins de 282
g/jour dans le tertile 1 jusqu’a plus de 527 g/jour dans le tertile 3 (P pour la tendance =

0,005). Aucune association n’a été observée dans le cas de I’IL-6.

Deux des six études se sont intéressées a la fois a la consommation totale de produits
laitiers, a la consommation de produits laitiers a faible teneur en matiéres grasses ainsi qu’a
la consommation de produits laitiers plus riches en mati¢res grasses (200, 201).
Panagiotakos et al. (200) ont démontré, chez 3042 hommes et femmes de la région
d’Attica, en Grece, que les consommateurs de 11 a 14 portions de produits laitiers par
semaine avaient des concentrations de la hs-CRP, de I’'IL-6 et de TNF-a respectivement
16%, 5% et 12% plus faibles que les consommateurs de moins de 8 portions par semaine (P
< 0,05). Chez les consommateurs de plus de 14 portions de produits laitiers par semaine,
ces différences étaient respectivement de 29%, 9% et 20% (P < 0,05). Des analyses de

régression linéaire multiple ont par ailleurs révélé que les associations inverses entre la
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consommation de produits laitiers et les concentrations des trois biomarqueurs pro-
inflammatoires demeuraient présentes en évaluant séparément les produits laitiers faibles en
maticres grasses (2% de M.G. ou moins ou bien décrits comme faibles en M.G. par le
producteur ; P < 0,03 pour les trois biomarqueurs) ainsi que riches en maticres grasses (plus
de 2% de M.G. ; P = 0,06 pour la hs-CRP et P < 0,05 pour I'[L-6 et le TNF-a). Ces
associations inverses ¢étaient observées indépendamment de nombreuses variables
potentiellement confondantes incluant, entre autres, 1’age, le sexe, le tabagisme, le niveau

d’activité physique et I'IMC.

L’étude d’Esmaillzadeh et Azadbakht (201) chez 486 femmes d’age mir n’a quant a elle
démontré aucune association entre la consommation totale de produits laitiers et les
concentrations de biomarqueurs pro-inflammatoires incluant la hs-CRP, I’IL-6, le TNF-a et
la SAA. Toutefois, en accord avec les résultats de Panagiotakos et al. (200), les
concentrations de la hs-CRP, de I'IL-6 et de TNF-a étaient plus faibles a travers les
quintiles de consommation de lait et/ou de yogourt contenant moins de 2% de matieres
grasses (33 g/jour, en moyenne, dans le quintile 1 jusqu’a 152 g/jour dans le quintile 5)
apres ajustement pour 1’age, 'IMC, le tour de taille et d’autres variables potentiellement
confondantes (201). Il n’y avait aucune association entre la consommation de produits
laitiers faibles en matieres grasses et la SAA. Dans le cas des produits laitiers contenant au
moins 2% de matieres grasses (incluant la créme, le fromage a la créme et la creme glacée),
aucune association n’a été observée avec les concentrations de la hs-CRP et de I’IL-6, alors

qu’une association positive a été observée avec les concentrations de TNF-a et de la SAA.

Deux ¢études se sont plutot intéressées aux associations entre les produits laitiers faibles ou
riches en mati¢res grasses et les concentrations d’adiponectine (202, 203). Dans une
cohorte de 220 femmes méditerranéennes apparemment en santé et dgées en moyenne de
48 ans, Yannakoulia et al. (202) ont démontré que la consommation de produits laitiers a
faible teneur en maticres grasses ne corrélait pas avec les concentrations d’adiponectine de
haut poids moléculaire (» = 0,07 ; P = 0,30) ou bien d’adiponectine totale (» = 0,11 ; P =
0,13) apres ajustement pour 1’age, le pourcentage de masse adipeuse, le tour de taille, le
tabagisme, ’activité physique, le statut ménopausal et le fait d’avoir déclaré un faible

apport énergétique. Toutefois, une seconde ¢tude de Yannakoulia ef al. (203) réalisée dans
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cette méme cohorte a démontré que I’adhésion a un profil alimentaire caractérisé par des
apports ¢levés en produits laitiers faibles en matiéres grasses et en produits céréaliers a
grains entiers était positivement associée aux concentrations plasmatiques d’adiponectine
(B normalisé¢ = 0,18 ; P = 0,03) indépendamment de 1’age, du tour de taille et du tabagisme.
En ce qui concerne les produits laitiers riches en mati¢res grasses, les deux études de
Yannakoulia et al. (202, 203) ont démontré que la consommation de ce type de produits
laitiers a proprement parler ou encore que I’adhésion a un profil alimentaire caractérisé par
des apports ¢élevés en ces produits laitiers n’étaient pas associées aux concentrations

d’adiponectine.

Enfin, la plus récente des six €études s’est uniquement intéressée a la consommation de
fromage, considéré comme un produit laitier riche en maticres grasses, chez 1752 hommes
et femmes iraniens (204). Il a été observé que les individus consommant du fromage 7 fois
ou plus par semaine avaient des concentrations de la hs-CRP environ 9% plus élevées que
les individus consommant du fromage moins de 7 fois par semaine. Toutefois, 1’analyse
réalisée n’était pas ajustée pour diverses variables potentiellement confondantes et la hs-

CRP était le seul biomarqueur inflammatoire évalué, ce qui limite la portée des résultats.

En somme, les quelques études transversales réalisées jusqu’a maintenant nous indiquent
que la consommation totale de produits laitiers ainsi que la consommation de produits
laitiers a faible teneur en matiéres grasses ne semblent pas associées a une détérioration du
profil inflammatoire chez les adultes. La consommation de produits laitiers a faible teneur
en maticres grasses semble méme inversement associée a I’inflammation. Dans le cas des
produits laitiers riches en mati¢éres grasses, les résultats sont plutot flous, car des
associations allant dans toutes les directions ont été observées a travers cinq études ayant

spécifiquement abordé la question (200-204).
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Tableau 7.1 : Etudes transversales ayant évalué les associations entre la consommation de
produits laitiers et I’inflammation chez les adultes ?

Premier auteur, année Sexe

Age

(années) Produits laitiers évalués

Association entre

les produits
laitiers et

Pinflammation

Salas-Salvado, 2008

Panagiotakos, 2010

Esmaillzadeh, 2010

Yannakoulia, 2008
(Eur J Endocrinol)

Yannakoulia, 2008
(Metabolism)

Sadeghi, 2014

F/M

F/M

F

F/M

55-80

18-89

40-60

18-84

18-84

~38

Consommation totale
(type de produit / contenu en
M.G. non spécifiés)

i) Consommation totale

ii) A faible teneur en M.G.
(< 2% ou décrits comme
faibles en M.G. par le

producteur)

iii) Riches en M.G. (> 2%)

i) Consommation totale

ii) A faible teneur en M.G.
(lait et/ou yogourt < 2% M.G.)

iii) Riches en M.G. (= 2%,
incluant créme, fromage a la
créme et créme glacée)

i) A faible teneur en M.G.

ii) Riches en M.G.

i) Profil alimentaire
caractérisé par des apports
¢élevés en produits laitiers a
faible teneur en M.G.

ii) Profil alimentaire
caractérisé par des apports
¢élevés en produits laitiers

riches en M.G.

Fromage

| hs-CRP
#IL-6

| hs-CRP, IL-6,
TNF-a

| hs-CRP, IL-6,
TNF-a

| hs-CRP
(tendance), 1L-6,
TNF-a

# hs-CRP, IL-6,
TNF-a, SAA

| hs-CRP, IL-6,
TNF-a
#SAA

#hs-CRP, IL-6
1 TNF-o, SAA

# adiponectine

# adiponectine

1 adiponectine

# adiponectine

1 hs-CRP

* Abréviations : F, féminin ; hs-CRP, protéine C-réactive mesurée par dosage ultra-sensible ; IL-

6, interleukine-6 ; M, masculin ; M.G., matiéres grasses ; SAA, protéine amyloide A sérique ;
TNF-o, facteur de nécrose tumorale alpha ; |, association inverse significative ; #, aucune
association ; 1, association positive significative.
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7.1.3 Etudes d’intervention

La nature transversale des études décrites précédemment ne permet pas d’établir de relation
de cause a effet entre la consommation de produits laitiers et I’inflammation. Afin d’obtenir
des réponses concernant la véritable influence que les produits laitiers exercent sur le profil
inflammatoire, il s’avere fort pertinent de se tourner vers les études d’intervention
nutritionnelle randomisées et contrdolées. Ces études sont en effet considérées comme celles
ayant le cadre le plus rigoureux dans le domaine de la recherche en nutrition afin d’établir

des rapports de causalité entre I’alimentation et la santé.

Normalement, la présente sous-section servirait a décrire les différentes études
d’intervention nutritionnelle randomisées et contrdlées publiées jusqu’a maintenant sur le
sujet des produits laitiers et de I’inflammation. Toutefois, puisque la mise en commun de
ces ¢études représentait un des objectifs poursuivis dans le cadre de mon doctorat, je n’en
discuterai pas pour le moment. Je vous ameéne sans plus tarder a 1’apercu des travaux

réalisés.
7.2. Avant-goiit des travaux réalisés et énoncé des objectifs et hypothéses

7.2.1 Revue systématique des études d’intervention sur les produits laitiers et

Uinflammation

Considérant la controverse médiatique entourant les produits laitiers et I’inflammation et
notre désir de se forger 1’idée la plus réaliste possible sur le sujet, notre équipe de recherche
a entrepris la réalisation d’une revue systématique de la littérature dont I’objectif précis

¢était le suivant :

Synthétiser les résultats des études d’intervention nutritionnelle randomisées et controlées
qui avaient pour objectif d’évaluer I’impact de la consommation de produits laitiers de
source bovine (lait, yogourt, fromage) sur les concentrations sanguines de biomarqueurs
inflammatoires chez les adultes, et ce, comparativement a une diéte faible en produits

laitiers (intervention témoin).
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Cet objectif est enticrement relié au « contexte clinique » du second volet de mon projet de
doctorat (Figure 7.1). Il est a noter que nous n’avions pas émis d’hypothése en lien avec
cet objectif. Le prochain chapitre présente les détails de la revue systématique, publiée dans
la revue scientifique American Journal of Clinical Nutrition (Labonté et al. 2013;97:706-

17).

Il est important de souligner que cette revue de la littérature inclut les études d’intervention
nutritionnelle randomisées controlées qui ont été publiées en ligne avant le 29 juin 2012.
D’autres études pertinentes ont nécessairement été publiées depuis. Afin de respecter un
ordre logique de présentation, je rattacherai les résultats de ces nouvelles études a ceux

issus de la revue systématique en conclusion du présent volet, au chapitre 10.

Alimentation = Inflammation

Approches Facteurs nutritionnels -
expérimentales
J Nutriments  Aliments Profils
Epidémiologique

Clinique

Métabolique/
moléculaire

Figure 7.1 : Illustration mettant en lumiére les travaux réalisés dans le cadre du second
volet du présent projet de doctorat, dont le but était d’évaluer I'impact de la
consommation de produits laitiers sur I’inflammation dans un contexte clinique ainsi que
métabolique (expression de genes inflammatoires). Abréviations : PLI, projet de
recherche intitulé « Produits laitiers et inflammation » ; Revue, revue systématique des
études d’intervention nutritionnelle randomisées et contrdlées sur les produits laitiers et
I’inflammation.
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En complément de la revue systématique, notre équipe de recherche a réalisé 1’une des
rares ¢tudes d’intervention nutritionnelle portant sur I’impact de la consommation de
produits laitiers sur 1’inflammation qui, d’une part, a considéré 1’inflammation en tant que
mesure principale (« primary outcome ») et, d’autre part, a évalu¢ les mécanismes sous-
jacents a la réponse inflammatoire (mesure de I’expression de génes inflammatoires en plus
des biomarqueurs inflammatoires circulants). Il s’agit précisément de 1’étude PLI, que

Voici.
7.2.2 Projet PLI : Produits Laitiers et Inflammation

Mon projet de doctorat m’aura permis de contribuer a la toute premicre étude
d’intervention nutritionnelle multicentrique, et par le fait méme la plus grande étude congue
selon un devis en chassé-croisé, a avoir évalué I'impact de la consommation de produits
laitiers sur I’inflammation en tant que mesure principale (« primary outcome ») chez des

adultes présentant une inflammation systémique de faible intensité.
L’objectif établi en lien avec mon projet de doctorat était :

Evaluer I’impact de la consommation de produits laitiers sur les concentrations sanguines
de biomarqueurs inflammatoires ainsi que sur 1’expression de geénes inflammatoires dans
les cellules sanguines complétes chez des hommes et des femmes en santé, mais présentant

une inflammation systémique de faible intensité.
L’hypothése émise en lien avec cet objectif était :

La consommation de produits laitiers influence de facon favorable le profil inflammatoire

ainsi que I’expression de génes inflammatoires dans les cellules sanguines complétes.

Le chapitre 9 présente la méthodologie et les résultats du projet PLI, qui ont été publiés
dans la revue Journal of Nutrition (Labonté et al. 2014;144:1760-7). L’objectif ci-haut est a
la fois reli¢ au « contexte clinique » et au « contexte métabolique » du second volet de
mon projet de doctorat (Figure 7.1). Il s’agit de la toute premiére étude, a notre
connaissance, a avoir évalué I’expression de genes inflammatoires dans le sang en réponse

a la consommation de produits laitiers. Contrairement a d’autres tissus, les cellules
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sanguines sont facilement disponibles, ce qui les rend trés pratiques pour étudier

I’expression de genes (205, 206).
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CHAPITRE 8 :

IMPACT DES PRODUITS LAITIERS SUR LES
BIOMARQUEURS INFLAMMATOIRES : UNE REVUE
SYSTEMATIQUE DES ETUDES D’INTERVENTION
NUTRITIONNELLE RANDOMISEES CONTROLEES CHEZ
LES ADULTES EN SURPOIDS OU OBESES

Labonté ME, Couture P, Richard C, Desroches S, Lamarche B.

Impact of dairy products on biomarkers of inflammation: a systematic review of
randomized controlled nutritional intervention studies in overweight and obese adults

Am J Clin Nutr. 2013;97(4):706-17. doi: 10.3945/ajcn.112.052217
http://ajen.nutrition.org/content/97/4/706.long
Printed in USA. Copyright 2013 American Society for Nutrition

Reproduit avec la permission de I’ American Society for Nutrition
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RESUME

Nous avons réalis€ une revue systématique des études d’intervention nutritionnelle
randomisées controlées qui avaient pour objectif d’évaluer I’impact de la consommation de
produits laitiers (lait, yogourt, fromage) sur les concentrations sanguines de biomarqueurs
inflammatoires chez les adultes. La recherche systématique de la littérature a été effectuée
sur PubMed en avril 2012. Cette recherche était limitée aux études réalisées chez I’humain
et publiées en anglais. Les études incluant des femmes enceintes ou allaitantes ainsi que les
¢tudes ne comprenant pas d’intervention « témoin » faible en produits laitiers ont été
exclues. Huit études réalisées chez des individus en surpoids ou obéses ont été retenues. La
seule étude qui avait identifi¢ le changement dans le profil inflammatoire comme sa mesure
principale a démontré que la consommation de produits laitiers améliorait les
concentrations de biomarqueurs pro- et anti-inflammatoires comparativement a une dicte
témoin faible en produits laitiers. Trois des sept études dans lesquelles I’inflammation était
une mesure secondaire ou indéterminée ont montré des améliorations de certains
biomarqueurs inflammatoires (hs-CRP, IL-6 ou TNF-a) suite a la consommation de
produits laitiers, alors que les quatre autres études n’ont montré aucun effet. Cette revue
systématique suggere que la consommation de produits laitiers n’exerce aucun effet néfaste
sur les biomarqueurs inflammatoires chez les individus en surpoids ou ob¢ses. Plusieurs
limites méthodologiques nous empéchent de déterminer si les produits laitiers exercent un
impact bénéfique ou tout simplement neutre sur I’inflammation. Des études additionnelles
spécifiquement congues pour évaluer les effets des produits laitiers sur I’inflammation et

ses mécanismes sous-jacents sont sans aucun doute requises.
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ABSTRACT

Background: Recent data from cross-sectional studies suggest that consumption of dairy
products is inversely associated with low-grade systemic inflammation, but a cause-and-
effect relationship can only be confirmed with results from randomized controlled trials.
Objective: We reviewed the results of randomized controlled nutritional intervention
studies that have assessed the impact of dairy products consumption (i.e. milk, yogurt,
and/or cheese) on biomarkers of inflammation in adults (= 18 y). Design: We performed a
systematic literature search in PubMed in April 2012, which was limited to randomized
controlled trials in humans and published in English. Studies that included pregnant or
lactating women or that did not include a low-dairy control intervention were excluded.
Results: Eight trials all conducted in overweight or obese adults were included in the
review. The only study that had identified change in the inflammatory profile as its primary
outcome measure showed that dairy foods consumption improved pro- and anti-
inflammatory biomarkers concentrations compared with the low-dairy control diet. Three
out of the seven studies in which inflammation was a secondary or undefined outcome
showed improvement in key inflammatory biomarkers, i.e. C-reactive protein, interleukin-
6, or tumor necrosis factor-a after dairy products consumption, while the other four studies
showed no effect. Conclusions: Dairy products consumption does not exert adverse effects
on biomarkers of inflammation in overweight or obese adults. Several methodological
factors and limitations among existing studies do not allow differentiating between a
beneficial or neutral impact of dairy products on inflammation. Further studies specifically
designed to assess inflammation-related outcomes are warranted. Keywords: C-reactive

protein, dairy, inflammatory markers, milk, randomized controlled trials, review
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INTRODUCTION

Low-grade systemic inflammation is now considered a key etiological factor in the
development and progression of several multifactorial disorders including atherosclerosis
(1), metabolic syndrome (MetS) (2, 3), type 2 diabetes (4-6), and cardiovascular diseases
(CVD) (7). Elevated plasma concentrations of C-reactive protein (CRP) and of the pro-
inflammatory cytokines TNF-a and IL-6 have been associated with an increased risk of
CVD (8-13). From a mechanistic perspective, chemokines such as monocyte
chemoattractant protein-1 (MCP-1) have been shown to mediate recruitment of monocytes
at sites of vascular inflammation, thereby promoting atherosclerosis (14). On the other
hand, proteins such as adiponectin have anti-inflammatory and anti-atherogenic properties

(15, 16).

In addition to age (17), sex (18), obesity (19), smoking habits (20), alcohol consumption
(21) and physical activity (22), increasing evidence suggests that diet plays a major role in
the modulation of the inflammatory profile (23). The extensive and detailed review from
Calder ef al. (23) has shown that food groups or nutrients that are part of a healthy diet,
including fruits and vegetables, whole grains, fish, fiber, omega-3 fatty acids, vitamin C,
vitamin E and carotenoids may protect against low-grade systemic inflammation. In
contrast, saturated fatty acids, trans fatty acids, as well as dietary patterns characterized by
high intakes of red and processed meats, sweets, soft drinks, fried snacks or refined grains
have been shown to promote a pro-inflammatory state (23). While diet composition has
been shown to modify pro- and anti-inflammatory processes through many mechanisms in
different cell types including adipocytes (24) and peripheral blood mononuclear cells (25),

more studies on this topic are clearly warranted (26).

Recent cross-sectional studies suggest that the consumption of dairy products is inversely
associated with low-grade systemic inflammation (27-29). Indeed, Panagiotakos et al. (28)
have shown in the ATTICA study that CRP, IL-6 and TNF-a concentrations of individuals
consuming more than 14 servings of dairy products per wk (i.e. > 2 servings/d) were
respectively 29%, 9%, and 20% lower than those of individuals consuming less than 8

servings per wk (< 1 serving/d). This inverse association was independent of potential
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confounders such as age, gender, smoking, physical activity, BMI, and other dietary

factors.

The cross-sectional nature of these studies precludes definite conclusions on the cause-and-
effect relationship between dairy foods consumption and inflammatory outcomes, which
can only be investigated through rigorously controlled randomized clinical trials. The
purpose of the present systematic review of the literature was to summarize results of
randomized controlled nutritional intervention studies in adults that assessed the impact of

dairy products consumption on biomarkers of inflammation.
METHODS OF THE REVIEW

The present review is reported according to the Preferred Reporting Items for Systematic

Reviews and Meta-Analyses (PRISMA) statement (30).
Study eligibility criteria

The review includes randomized controlled trials published in English that assessed the
impact of bovine dairy products consumption (i.e. milk, cheese, and yogurt) on serum or
plasma inflammatory biomarkers concentrations of adult men and women compared with
low-dairy (control) interventions. No restriction was imposed on publication date or

publication status for inclusion in the review.

It was a priori determined that studies with the following characteristics would be excluded
from the review: studies that included pregnant or lactating women, studies that included
patients suffering from severe inflammation-related disorders (e.g. cancer, Crohn’s disease,
arthritis), studies that did not include a low-dairy control intervention, studies in which test
interventions consisted of donkey milk, goat milk or soy beverages only, and studies in
which test interventions consisted of high-fat or high-sugar dairy products only (i.e. butter,
cream, ice cream), as these products are generally not consumed on the basis of their

nutritional value.
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Search strategy

A systematic literature search was conducted in PubMed using the following terms: (dairy
OR milk OR cheese OR yogurt) AND (food OR product OR intake OR consumption) AND
(inflammation OR inflammatory markers OR C-reactive protein OR cytokines) NOT
(pregnant OR pregnancy OR lactating OR “breast milk”). The following limits were
activated during the search: Humans, All Adult: 19+ years, Randomized Controlled Trial,
and English.

The database search was performed on April 2™, 2012 by one review author (M-EL). The
title and abstract of retrieved articles were screened in order to assess the eligibility of
studies. The reference list of each article selected through the electronic search was scanned
for the identification of other possibly relevant articles. The entire search and articles’
screening process was re-run on June 29", 2012 independently by a second reviewer (CR)
to ensure that all relevant articles had been retrieved and to look for newly published

articles. The search was also conducted in Embase (www.embase.com) and the Cochrane

Library (www.thecochranelibrary.com) at that time to look for possibly relevant articles
that may not have been recorded in PubMed. Results from the different searches were then

compared and discordances were resolved by consensus.
Data extraction

For each study included in the review, one review author (M-EL) extracted data on study
design, context of the interventions (duration, type of dairy products tested, control
intervention characteristics), primary outcome (i.e. change in inflammatory profile as the
primary outcome or not), population characteristics (gender, age, weight status, baseline

CRP concentrations), and results on inflammatory biomarkers concentrations.
Assessment of the risk of bias within studies

Based on the Cochrane Collaboration’s tool for assessing the risk of biased results within
studies (31), the following items were evaluated for each study: randomized sequence
generation, allocation concealment, blinding of participants, personnel, and outcome

assessment, incomplete outcome data, selective reporting, and other possible bias (i.e.
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carry-over effect in crossover studies and baseline imbalance in factors strongly related to
outcome measures). The risk of bias within studies was independently assessed by two
review authors (M-EL, CR). Authors thereafter compared their results and discordances

were resolved by consensus.
RESULTS
Study selection

As shown in Figure 1, the database search first retrieved 91 research articles. The title and
abstract of each article was screened and 82 articles were discarded because they did not
meet the eligibility criteria. The full text of nine articles was retrieved for detailed
evaluation. Five studies met the inclusion criteria and were included in the review. Two
additional research articles that met eligibility criteria were identified by checking the
reference list of the five selected articles. Thus, a total of seven research articles reporting
the results of eight nutritional intervention trials were identified for inclusion in the review
(32-38). The re-run of the search in PubMed as well as in other databases generated the

same list of eligible papers and no new study was identified.
Study characteristics

A summary of the eight nutritional intervention trials included in the present review is
provided in Table 1. Briefly, all eight trials were randomized controlled trials published in
English between August 2005 and October 2011, of which two had a crossover design (37,
38) and six had a parallel design (32-36). All trials included overweight or obese adults
aged 18 y and older. Seven out of the eight trials included both men and women (32-35, 37,
38), whereas one study included women only (36). The duration of the interventions ranged
from 4 wk (1 mo) in Zemel et al. (37) to 48 wk (= 1 y) in Thompson ef al. (33). Because
the interventions differed markedly between studies (duration, type of dairy products tested,
characteristics of the control intervention), no meta-analysis was performed. The following
paragraphs provide a narrative description of each study. The description is categorized
according to whether or not inflammation was the primary outcome of the study. This is

based on the argument that sample size calculations for a primary outcome other than
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inflammation may not have been adequate for the analysis of inflammation as secondary

outcome.
Studies with change in inflammatory profile as primary outcome

Using a parallel-group design, Stancliffe et al. (32) randomly assigned 40 overweight and
obese adults with MetS to one of two isoenergetic weight-maintenance diets that lasted 12
wk each: an adequate-dairy diet (> 3.5 servings/d of dairy, of which 3 were provided to
participants by the research team and 2 were milk and/or yogurt) was compared to a low-
dairy diet (< 0.5 serving/d) during which participants were provided with 3 daily servings
of pre-packaged non-dairy foods. These pre-packaged non-dairy foods were selected by
subjects from a list of low-sodium varieties or soy-based substitutes of luncheon meats,
packaged fruit cups, granola bars and peanut butter crackers, as previously described (32).
Both diets were constructed and matched to achieve macronutrient and fiber intakes that
were comparable to the estimated intake in the United States (values reported by authors =~
35% energy from fat, = 49% energy from carbohydrate (CHO), = 16% energy from protein
and 8-12 g/d of fiber). However, by design, the two diets differed in terms of calcium
intake (difference of approximately 600 mg) and dairy-derived proteins (difference of 28-
35 g). By wk 12, the adequate-dairy diet significantly reduced TNF-a (-35%, P < 0.01), IL-
6 (-21%, P < 0.02), MCP-1 (-24%, P < 0.02), and CRP concentrations (-47%, P < 0.02),
while it concurrently increased adiponectin concentrations (+53%, P < 0.005). For the
majority of the inflammatory biomarkers, effects were present after only one wk of
treatment and progressed over time. In general, these effects were also more pronounced in
obese subjects than in the overweight subgroup. Although there was no change in body
weight, the adequate-dairy diet led to reductions in adiposity indices, i.e. fat mass, trunk fat,
as well as waist circumference (all P < 0.05). The low-dairy diet had no significant impact

on inflammatory biomarkers, body weight or adiposity indices.
Studies with change in inflammatory profile as secondary or undefined outcome

Thompson et al. (33), using a parallel design, allocated 90 obese men and women (BMI
between 30-40 kg/m?) to one of three diets: 1) a high-dairy diet (4 daily servings with at
least 2 as fluid milk; percent fat unspecified), 2) a high-dairy diet similar to the first, except
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for a higher fiber content and a lower glycemic index, and 3) a control diet (2 daily servings
of dairy). All diets were designed to provide a 500 kcal/d deficit and lasted 48 wk. Subjects
bought and prepared their own food according to a meal plan. The change in body weight
was the primary outcome of the study and the change in high sensitivity (hs)-CRP
concentrations was a pre-specified secondary outcome. Analyses of compliance showed
that on average, 3.13, 3.12, and 1.38 daily servings of dairy products were consumed by the
subjects in the high-dairy, high-dairy/high-fiber and control groups, respectively. All three
groups consumed equal amounts of energy (P = 0.81). The proportion of energy from fat
and CHO was similar in the control and high-dairy diets, but percent energy from fat was
lower and percent energy from CHO was higher in the high-dairy/high-fiber diet compared
with the other two groups (P < 0.05). Percent energy from protein was lower in the control
group compared with the two high-dairy groups (P < 0.05). Results showed that all three
diets led to significant reductions from baseline in hs-CRP concentrations (-17.0%, -28.6%,
and -22.2% in the high-dairy, high-dairy/high-fiber and control groups, respectively, all P <
0.0001), but no between-group difference was observed (P = 0.66). The magnitude of
weight loss was similar in all three groups (P = 0.45).

Zemel and Sun (34), using archived samples from two randomized controlled parallel trials
(39, 40), retrospectively assessed the impact of high-dairy diets on plasma CRP and
adiponectin concentrations in healthy obese subjects (BMI between 30-40 kg/m?). The
primary outcome of the first study (39) consisted of changes in body fat. Briefly, 39
African-American men and women were randomized to consume one of two isoenergetic
diets for 24 wk: a low-dairy diet (< 1 serving/d) or a high-dairy diet (3 servings/d with at
least one in the form of fluid milk). In both diets, macronutrient and fiber amounts were set
to achieve values corresponding to the average consumption in the United States (values
reported by authors = 35% energy from fat, = 49% energy from CHO, = 16% energy from
protein, and 8-12 g/d of fiber). Dairy products in the high-dairy diet were substituted for
lean meats in the control diet. Plasma CRP concentrations significantly decreased by 11%
(P < 0.03) and adiponectin concentrations significantly increased by 8% (P = 0.003) in
subjects fed the high-dairy diet (post- vs. pre-diet values). These changes were observed

concurrently to significant reductions in adiposity indices such as waist circumference,
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trunk fat and body fat with the high-dairy diet (all P < 0.01). There was no significant

change in CRP or adiponectin concentrations in subjects who consumed the low-dairy diet.

The second study (40) included 38 obese men and women who were randomized to one of
two hypoenergetic diets providing a 500 kcal/d deficit over 12 wk: 1) a yogurt-enriched
diet (3 daily six-ounce (i.e. 3 X 170 g) servings of a fat-free yogurt) or 2) a control diet (0-1
serving of dairy products/d, including 3 daily servings of a flavored gelatin dessert as a
placebo). The placebo was sugar-free and calcium-free. Energy intake and macronutrient
content of the two diets were similar, with values approximating the average consumption
in the United States (values reported by authors = 30% energy from fat, = 52% energy from
CHO, and = 18% energy from protein). The primary outcomes of this study were changes
in body weight and body fat. The yogurt-enriched diet induced significant reductions from
baseline in CRP concentrations (-29%, P < 0.01) and significant increases in adiponectin
concentrations (+18%, P < 0.05), whereas consumption of the control diet had no impact on
CRP or adiponectin concentrations. Observed reductions in body weight, body fat and other
adiposity indices were significantly greater in subjects fed the yogurt-enriched diet
compared with subjects fed the control diet (all P < 0.01). Thus, the experimental design
does not allow identifying yogurt intake per se as the real cause of the favorable changes

observed in inflammatory biomarkers concentrations following the yogurt-enriched diet.

A parallel-group intervention study was conducted by Wennersberg et al. (35) to assess the
impact of a 6-mo high-dairy diet on body composition and other factors related to the MetS
in 121 overweight men and postmenopausal women characterized with at least two traits of
the MetS (National Cholesterol Education Program Adult Treatment Panel III criteria (41)).
The primary outcome of the study consisted of changes in waist circumference. Subjects
were randomly assigned to a dairy-enriched diet (3-5 daily servings of dairy products of
any kind, i.e. milk, yogurt, sour milk, cream, cheese, cottage cheese, butter, or ice cream
occasionally) or a control diet (habitual diet without changing the intake of dairy products).
Diets were not matched for energy and macronutrient intake. Energy intake tended to be
higher in the dairy-enriched diet group compared with the control group (P = 0.07). Intakes
of protein (g), total fat (g), SFA (g), sugar (g), cholesterol (mg) and calcium (mg) were

higher while alcohol intake (%) was lower in the dairy-enriched diet group compared with
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the control group (P < 0.03). Results showed that participants’ baseline intake of dairy
products approximated 200 g/d, representing between 0.8-1.1 servings of dairy/d. Dairy
products consumption (mainly fluid milk and yogurt) increased by an average of 250 g/d in
the dairy group, representing 1.0-1.4 servings of dairy/d, while there was no change in
dairy intake in the control group (P < 0.0001 for the difference in dairy intake between the
two groups). Changes from baseline to 6 mo in hs-CRP, IL-6, TNF-a and adiponectin
concentrations were not significantly different between the milk and control groups (e.g.

change in hs-CRP +2.9% vs. -3.3%, respectively, P = 0.339).

Using a parallel design, Rosado et al. (36) investigated the impact of three energy-restricted
diets (500 kcal/d deficit) on anthropometric and biochemical variables in 139 obese
Mexican women. Women consumed one of the following diets for 16 wk: a low-fat milk
diet (250 mL servings, 3 times daily), a “low-fat milk with added micronutrients” diet (250
mL servings, 3 times daily), or a control diet (no intake of milk or any other dairy product).
Milk was provided to participants in the two milk diets and was the only dairy product
allowed. Meal plans that included specific quantities of foods regularly consumed in this
population were provided to women in the control diet to achieve similar CHO (= 55% of
energy), protein (= 20% of energy), fat (= 25% of energy) and fiber intake in all study
groups. The primary outcomes of the study were changes in body weight and body
composition. Results showed that inclusion of low-fat milk to the women’s diet had no
additional effect on body weight or body fat reduction compared with the energy-restricted
control diet. Also, changes from baseline to 16 wk in hs-CRP concentrations were not
significantly different between groups (+3.6%, -8.9%, and -16.4%, respectively, P = 0.534,
in the low-fat milk, “low-fat milk + micronutrients” and control diets). Other inflammatory

biomarkers were not assessed in this study.

Using a crossover design, Zemel et al. (37) compared in the context of isoenergetic weight-
maintenance diets the impact of consuming 3 daily servings of dairy-based smoothies
(made with non-fat dry milk) with soy-based placebo smoothies on inflammatory
biomarkers in 10 overweight (mean BMI: 28.0 = 1.0 kg/m?) and 10 mildly obese (mean
BMI: 32.5 + 1.1 kg/m?) subjects. Each intervention lasted 28 d and was separated by a 28-d

washout. The two diets were designed to provide similar amounts of macronutrient and
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fiber, which were set to the average consumption in the United States (values reported by
authors = 35% energy from fat, = 49% energy from CHO, = 16% energy from protein, and
8-12 g/d of fiber). Dietary calcium intake differed by approximately 600 mg between the
two diets. Consumption of the dairy-based smoothies led to significant reductions from
baseline in CRP (-57%, P < 0.05), IL-6 (-13%, P < 0.01), TNF-a (-15%, P < 0.002), and
MCP-1 (-20%, P < 0.0006) concentrations as well as significant increases in adiponectin
(+20%, P < 0.002), whereas the soy-based control intervention had no effect or even
increased inflammatory biomarkers concentrations compared to baseline values. Most of
the effects were evident after 7 d of dietary change and increased in magnitude at the end of
the 28 d. There was no significant change in the anti-inflammatory cytokine IL-15 with any
of the two diets. There was also no significant change in body weight, body fat, trunk fat, or
lean mass during either dietary treatment. Authors indicated in their paper that their
objective was to assess the impact of a dairy-rich diet on oxidative and inflammatory stress.
However, it was not indicated if the study was designed using inflammation as the primary
outcome and there was also significant discordance between the study design described in
the publication and information found in ClinicalTrials.gov for this study. Thus, we were
not able to determine if diet-induced change in the inflammatory profile was the primary

outcome of this study.

Finally, van Meijl and Mensink (38) compared the impact of the consumption of low-fat
dairy products (500 mL low-fat [1.5% w/w] milk + 150 g low-fat [1.5% w/w] yogurt daily)
with CHO-rich control products (600 mL fruit juice with 3 fruit biscuits) on inflammatory
biomarkers of 40 overweight or obese subjects in a crossover study. A 2-wk washout period
separated the two 8-wk interventions. Subjects maintained their habitual background diet
during the entire study. Dietary intakes estimated from a food frequency questionnaire,
presented in another paper describing this study (42), showed that total energy intake was
similar between diets. However, % energy from protein and fat (including SFA and
MUFA) as well as intakes of cholesterol and calcium were higher while % energy from
CHO and mono- and disaccharides as well as fiber intake were lower in the low-fat dairy
intervention compared with the high-CHO control intervention (all P < 0.05). The primary
outcome of this study was not clearly identified (38, 42). However, authors provided

evidence of adequate statistical power to detect significant changes of 10% or more for
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TNF-a, MCP-1, and soluble TNF-a receptors (s-TNFR) 1 and 2, but not IL-6. Plasma IL-6
and MCP-1 concentrations were not different between the interventions (both P > 0.77),
while concentrations of TNF-a tended to be lower after the low-fat dairy intervention
compared with the high-CHO intervention (-6.5%, P = 0.07). A significant 5.5% increase
in s-TNFR-2 concentrations was observed after the low-fat dairy diet compared with the
high-CHO diet (P = 0.02) and was considered by the authors as a beneficial effect of dairy.
However, this change is small in magnitude and must be interpreted with caution since its
clinical relevance is unknown. The low-fat dairy diet had no impact on hs-CRP
concentrations compared with the high-CHO intervention (P = 0.147), as reported in the
other paper describing this study (42).

Risk of bias within studies

As shown in Table 2, studies by Thompson et al. (33) and Rosado et al. (36) had the
highest transparency in the report of items associated with the risk of biased results, i.e. the
lowest presence of “unclear risk” statements. These were the only two studies to clearly
describe both the methods used to randomize participants and methods used to conceal the
allocation to the interventions prior to assignment. The majority of studies adequately
reported the number of attrition and exclusions related to inflammatory biomarkers
analyses, together with reasons (32-36, 38, 39). However, all eight trials provided
insufficient details regarding the blinding of outcome assessors (laboratory staff that
analyzed blood samples) to the test vs. control interventions. Blinding of participants and
personnel to the test vs. control interventions was also impossible in most of the studies
reviewed due to the nature of the interventions. Otherwise, the majority of studies provided
insufficient information in order to evaluate the risk of selective outcome reporting, i.e.
whether some inflammatory biomarkers were assessed but not reported or simply not
assessed. Among crossover studies, a carry-over effect was evidenced for MCP-1 in the
study by Zemel et al. (37). Regarding baseline imbalance in characteristics that are strongly
related to inflammatory outcomes (i.e. age, sex, obesity indices, baseline inflammation),
half of the studies (33, 36-38) were classified as presenting a low risk of bias. Indeed, in
parallel-design studies by Thompson et al. (33) and Rosado et al. (36), the high-dairy and

control groups showed similar baseline characteristics for age, sex, BMI and hs-CRP
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concentrations. Baseline imbalance does not apply to the studies by Zemel et al. (37) and
van Meijl and Mensink (38) due to their crossover design. Moreover, in Zemel et al. (37),
baseline values for body weight, body fat, trunk fat, as well as CRP, IL-6, IL-15, TNF-a,
MCP-1, and adiponectin concentrations were similar between the two dietary phases. The
other four studies (32, 34, 35) are classified as presenting an unclear risk of bias regarding
baseline imbalance. In the study by Stancliffe et al. (32) and in the hypoenergetic study
reported by Zemel and Sun (34, 40), intervention groups had similar baseline
characteristics including age, sex distribution, BMI, blood pressure and plasma lipids-
lipoproteins concentrations. However, baseline CRP concentrations were not formally
compared between intervention groups in these two studies and this represents a potential
source of bias. In the isoenergetic study reported by Zemel and Sun (34, 39), baseline CRP
concentrations were also not formally considered as a source of confounding. The risk of
confounding in this study is, however, higher considering that the number of men and
women was unbalanced between the low-dairy (8 men vs. 9 women) and high-dairy diets (3
men vs. 14 women). In the study by Wennersberg et al. (35), the two groups were
comparable at baseline for most of the characteristics reported including age, sex
distribution, BMI and hs-CRP concentrations, but adiponectin concentrations, which were
an outcome of interest, were higher in the high-dairy group than in the control group at
baseline (P = 0.021). Detailed justifications associated with the evaluation of the risk of

bias within studies are provided in Supplemental Table 1.
DISCUSSION

The present paper reviewed the evidence from randomized controlled trials regarding the
impact of dairy products consumption on circulating inflammatory biomarkers in adults.
We first observed that this topic had been addressed in very few studies thus far, with only
eight trials meeting the eligibility criteria for review. All of these eight studies were
undertaken in overweight or obese men and women. Half of the studies point towards a
potentially beneficial effect of dairy products consumption on low-grade systemic
inflammation, while the other half suggests no effect. Several methodological factors and

limitations in the analysis of these data need to be considered.
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Whether inflammation was considered the primary outcome in studies reviewed is a crucial
methodological factor that needs to be discussed. Only one trial had clearly identified
change in the inflammatory profile as its primary outcome measure and provided sample
size calculation based on the variability of CRP. Results indicated significant anti-
inflammatory effects of consuming more than 3.5 servings/d of dairy products compared
with less than 0.5 serving (32). It is stressed that the inflammation-lowering effects of dairy
products may have been triggered, at least to some extent, by favorable changes in
adiposity indices, as they are well-known correlates of inflammatory biomarkers
concentrations (43, 44). The authors argued that the rapid onset of the effects of the high-
dairy diet on inflammatory biomarkers, i.e. within 7 days of intervention, suggested an
adiposity-independent effect as well. However, long-term analyses considering the
potential impact of reduced adiposity on inflammatory biomarkers concentrations were not
performed. On the other hand, between-diet differences in specific dietary components such
as calcium and dairy proteins may be responsible, at least partly, for the inflammation-
lowering effects of the high-dairy diet. Previous studies in mice models have suggested that
dietary calcium reduces inflammatory cytokines expression in adipocytes through the
suppression of calcitriol (34, 45). Milk-derived proteins such as lactoferrin may also exert
anti-inflammatory effects (46) through the regulation of the recruitment and activation of
cytokine-releasing immune cells (47). Finally, bioactive peptides from dairy have been
shown to inhibit angiotensin-1-converting enzyme (48), thereby limiting the production of
angiotensin II, which is known to induce the secretion of inflammatory cytokines in the

vascular wall (49) and adipose tissue (50).

There is a strong possibility that the seven studies in which change in inflammatory
biomarkers was a secondary or undefined outcome were not sufficiently powered to detect
significant differences between high-dairy and control (low-dairy) interventions. This is
particularly the case for three (33, 35, 36) out the five (33-36) studies that were definitely
not designed a priori to assess inflammation-related outcomes, having provided sample
size calculations for changes in body weight or waist circumference and having shown no
impact of dairy consumption on key circulating inflammatory biomarkers (Table 1).
Results from the other two studies, both reported in (34) as a posteriori analyses of studies

(39) and (40), showed significant reductions from baseline in hs-CRP concentrations as
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well as significant increases in adiponectin concentrations following the consumption of
high-dairy diets. Despite the weight-maintenance context of the isoenergetic study (39),
significant reductions were observed in waist circumference, trunk fat, and body fat after
the high-dairy diet. In the energy-restricted study (40), reductions in body weight, body fat,
and other adiposity indices were significantly greater in magnitude in subjects fed the
yogurt-enriched diet compared with subjects fed the control diet. Therefore, it is likely that
the favorable changes from baseline observed in the inflammatory profile after
consumption of high-dairy diets in these two studies may have been confounded by

concurrent favorable changes in adiposity indices.

Other major factors limiting the generalization of results based on the available randomized
controlled trials are the heterogeneity of dairy products used and lack of detail regarding the
type and fat content of these products. In five of the eight studies (32, 33, 35, 38, 39), test
interventions consisted of a combination of different dairy products. In four of those studies
(32, 33, 35, 39), the average fat content of dairy products that participants had added to
their diet was not reported. We are therefore unable to distinguish the effects of specific
dairy products (milk vs. yogurt vs. cheese or low-fat vs. high-fat dairy products) on
inflammation. We are also unable based on the available information to evaluate the impact
of other potentially important sources of variability on the inflammatory response to
various dairy products, such as differences in sugar content (e.g. plain vs. aromatised
products), protein content (e.g. regular vs. Greek-style yogurt) and fortification with

prebiotics (e.g. inulin), probiotics, omega-3 fatty acids or phytosterols.

The difference in the amount of dairy products consumed by subjects between the test
(high-dairy) and control (low-dairy) interventions is another factor that may contribute to
heterogeneity among studies. In trials by Thompson ef al. (33) and Wennersberg et al. (35),
dairy products intake differed by less than 2 servings between the high-dairy and control
groups, thereby limiting the capacity to observe changes in inflammatory biomarkers with
dairy intake. In contrast, four (32, 34, 37) out of the six (32, 34, 36-38) studies in which
dairy products intake differed by 3 or more daily servings between the high-dairy and

control diets showed improved inflammatory biomarkers concentrations. Differences in the
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nutritional content of the dairy and control diets were also important in many studies and

this represents another factor contributing to heterogeneity among studies.

Additionally, differences in the nature of inflammatory biomarkers analyzed in each study
need to be pointed out as a factor limiting generalization of results. CRP, IL-6, and TNF-a
were analyzed concurrently in half of the studies together with at least one of the following
markers, i.e. adiponectin, MCP-1, IL-15 or s-TNFR-1 and 2 (32, 35, 37, 38). On the other
hand, two studies reported data on CRP concentrations only (33, 36), and two other
assessed adiponectin in addition to CRP (34). Interpretation is obviously more limited in
studies that assessed only one or two inflammatory biomarkers than in studies in which a
more comprehensive assessment of the inflammatory profile was performed. The
sensitivity of the assays used to assess changes in inflammatory biomarkers in response to
dairy and their CVs are other potential sources of heterogeneity between studies. Most
studies have used ELISA or high-sensitivity immunoturbidimetric tests to assess changes in
biomarkers of inflammation with dairy intake. However, half of the studies (33, 34, 36) did
not report the CV for theirs assays. Considering that precision metrics and CVs for the
measurement of inflammatory biomarkers are not available in all included studies, it is not
possible to establish the extent to which heterogeneity between studies is due to differences

in methodologies used to assess inflammatory outcomes.

The evaluation of the risk of bias highlighted that the majority of studies did not clearly
report how several items known to affect the validity of results were addressed, including
detail on the randomization process, allocation concealment, blinding of outcome
assessment, and selective outcome reporting. Although it is likely that investigators have
dealt adequately with these methodological issues, we cannot exclude the possibility of
biased results among studies included in the present review. Future studies obviously need

to fill gaps in the report of items associated with the risk of biased results.

In conclusion, results from available randomized controlled trials conducted to date suggest
that dairy products consumption has no adverse effect on low-grade systemic inflammation
among overweight and obese adults. On the other hand, several methodological factors and
limitations do not allow us to conclude if the impact of dairy products on inflammation is

beneficial or simply neutral. Additional well-controlled and adequately powered nutritional
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intervention studies specifically designed to assess the effects of dairy products on
inflammatory biomarkers concentrations are therefore warranted. A better characterization
of the type and amount of dairy products tested in each study will be needed in order to
draw clear conclusions. In order to gain mechanistic knowledge about the effects of dairy
products of inflammation, outcome measures in future studies should also include

inflammation-related genes expression.
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TABLES

TABLE 1. Summary of randomized controlled trials that assessed the impact of dairy

inflammatory biomarkers'

products consumption on circulating

Study Individuals Sex (n)  Age(y) Design Interventions Duration Inflammation = Baseline CRP Observed changes in inflammatory
(n)? primary concentrations? biomarkers*
outcome CRP  Cytokines Other
(yes/no/unclear) inflammatory
markers
Stancliffe, 40 overweight M (19)  Mean: Parallel 2 weight-maintenance 12 wk Yes N/A Within-diet changes:
2011 (32) or obese /F(21) 37.0£9.9 diets: Adequate-dairy group:
subjects with - adequate-dairy (> l | TNF-a, | MCP-1
MetS 3.5 daily servings of IL-6 1 adiponectin
dairy products with 2
as milk and/or Low-dairy group:
yogurt) & ©TNF- < MCP-1,
- low-dairy (< 0.5 a, IL-6 adiponectin
daily serving)
Thompson, 90 obese M (13)  25-70 Parallel 3 energy-restricted 48 wk No High-dairy Within-diet changes (in all three
2005 (33) subjects /F(77) diets: group: 4.7+3.8  diets):

- high-dairy (4
servings/d, with > 2
as fluid milk)

- high-dairy/high-
fiber (4 servings/d,
with > 2 as fluid
milk)

- standard diet (2
servings/day)

mg/L

High-dairy/high-
fiber group: 5.6
+ 5.0 mg/L

Standard diet
group: 4.5+3.5
mg/L

!

Between-diet differences:

>
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Zemel and
Sun, 2008
(34)%:
Isoenergetic
study

Hypo-
energetic
study

Wennersberg,
2009 (35)

Rosado, 2011
(36)

134

39 obese but M(11)
otherwise /F
healthy (23)°
African-

American

subjects

38 obese but M (7)/
otherwise F (27)¢
healthy

subjects

121 M (41)
overweight / F (80)
subjects with

MetS

139 obese F
Mexican

women

26-55

18-50

30-65

25-45

Parallel

Parallel

Parallel

Parallel

2 isoenergetic diets:
- high-dairy (3
servings/d with at
least one as fluid
milk)

- low-dairy (<1
serving/d)

2 energy-restricted
diets:

- yogurt-enriched
diet (3 six-ounce (3 x
170 g) servings/d of
fat-free yogurt)

- control diet (0-1
serving of dairy/d,
with 3 servings of a
flavored gelatin
dessert as a placebo)

2 diets:

- dairy-enriched (3-5
servings/d of dairy
products of any kind)
- control group
(habitual diet without
changing dairy
products intake)

3 energy-restricted
diets including:

- low-fat milk (750
mL/d)

- low-fat milk +
micronutrients (750
mL/d)

- control
intervention (no
intake of milk)

24 wk

12 wk

24 wk
(6 mo)

16 wk

N/A

N/A

Dairy-enriched
group: 3.5+3.3
mg/L

Control group:
3.0+3.0 mg/L

Low-fat milk
group: 5.5+3.0
mg/L

Low-fat milk +
micronutrients
group: 7.9+3.9
mg/L

Control group:
6.7 +3.9 mg/L

Within-diet changes:
High-dairy group:
l 1 adiponectin

Low-dairy group:

A <>
adiponectin

Within-diet changes:

Yogurt-enriched group:

l 1 adiponectin

Control group:

Aand <>
adiponectin

Between-diet differences in
changes from baseline to 24 wk:
> « IL-6, >

TNF-a adiponectin

Within- or between-diet
differences:
>



Zemel, 2010
(37)

van Meijl and
Mensink,
2010 (38)7

20 overweight
or mildly
obese but
otherwise
healthy
subjects

M (14)
/ F (6)

40 overweight
or obese
subjects
without CVD

M (10)
/ F (30)

Mean:
31.0+£10.3

18-70

Crossover

Crossover

2 isoenergetic diets
supplemented with:

- dairy-based
smoothies (3
servings/d; made with
non-fat dry milk)

- soy-based placebo
smoothies (3
servings/d)

2 diets supplemented
with:

- low-fat dairy
products (500 mL
low-fat milk/d and
150 g low-fat
yogurt/d)

- CHO-rich control
products (600 mL
fruit juice and 43 g of
fruit biscuits)

4 wk
(28 d),
with a 4-
wk
washout
between
phases

8 wk,
with a 2-
wk
washout
between
phases

Unclear

Unclear®

Phase 1: 33.6 +
12.5 pg/mL

Phase 2: 26.2 +
13.5 pg/mL

N/A

Within-diet changes:

Dairy-based smoothies phase:

| TNF-q,

IL-6
« IL-15

| MCP-1
1 adiponectin

Soy-based placebo smoothies

phase:

— 1 TNF-a,
IL-6,
« IL-15

1 MCP-1
| adiponectin

Between-diet differences (low-fat
dairy vs. control phase):

o | TNF-q
(trend)
« IL-6

1 s-TNFR-1
(trend) and s-
TNFR-2
(significant)
«— MCP-1

' CHO, carbohydrate; CRP, C-reactive protein; CVD, cardiovascular disease; hs-CRP, high-sensitivity CRP; MCP-1, monocyte

chemoattractant protein 1; MetS, metabolic syndrome; s-TNFR, soluble TNF-a receptor.

2

n = number of individuals enrolled in each study.

3 Baseline CRP concentrations were not significantly different between groups, except for the low-fat milk and “low-fat milk +

micronutrients” interventions in Rosado, 2011 (36). N/A = unreported baseline CRP concentrations.

4 | = statistically significant reduction; <> = no change; 1 = statistically significant increase.
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> Detailed descriptions of the isoenergetic and hypoenergetic studies are found in references (39) and (40), respectively.

6 Separate numbers of men and women represent individuals who completed the study, as these data were not reported for individuals

who were enrolled.
7 Results for CRP are reported in another paper by van Meijl and Mensink (42).

8 Unclear definition of the primary outcome, but statistical power shown to be sufficient for the assessment of TNF-a, MCP-1, and s-

TNFR-1 and 2.
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TABLE 2. Evaluation of the risk of bias in randomized controlled trials that assessed the impact of dairy products consumption on

circulating inflammatory biomarkers

Criteria
Study Random sequence  Allocation Blinding of Blinding of Blinding of Incomplete Selective Other possible
generation concealment! participants personnel outcome outcome data’ reporting bias*
assessment?

Stancliffe, 2011 Unclear risk Unclear risk Unclear risk Unclear risk Unclear risk Low risk High risk Unclear risk

(32)

Thompson, 2005  Low risk Low risk Unclear risk Unclear risk Unclear risk Low risk Unclear risk Low risk

(33)

Zemel and Sun,

2008 (34)*:

Isoenergetic Unclear risk Low risk Unclear risk Unclear risk Unclear risk Low risk Unclear risk Unclear risk

study

Hypoenergetic Unclear risk Low risk Low risk Unclear risk Unclear risk Unclear risk Unclear risk Unclear risk

study

Wennersberg, Unclear risk Unclear risk Unclear risk Unclear risk Unclear risk Low risk Unclear risk Unclear risk

2009 (35)

Rosado, 2011 Low risk Low risk Unclear risk® Unclear risk® Unclear risk’ Low risk Unclear risk Low risk

(36)

Zemel, 2010 (37)  Unclear risk Unclear risk Low risk Unclear risk Unclear risk Unclear risk Unclear risk Low risk for
baseline
imbalance, but
high risk for
carry-over effect

van Meijl and Unclear risk Unclear risk Unclear risk Unclear risk Unclear risk Low risk Unclear risk Low risk for

Mensink, 2010
(38)

baseline
imbalance or
carry-over effect
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! Prior to assignment of participants to the interventions.

2 Blinding of the staff that performed laboratory analyses.

3 Incomplete report of the number of attrition and exclusions related to inflammatory biomarkers analyses, together with reasons.
4 Baseline imbalance in factors strongly related to outcome measures or carry-over effect in crossover studies.

> Detailed descriptions of the isoenergetic and hypoenergetic studies are found in references (39) and (40), respectively.

% The “Unclear risk” statement applies to the comparison between the two milk interventions and the control intervention. Thus,

participants and personnel were blinded to the low-fat milk vs. “low-fat milk + micronutrients” intervention.

7 The “Unclear risk” statement applies to the comparison between the two milk interventions and the control intervention. Thus,

outcome assessors were blinded to the low-fat milk vs. “low-fat milk + micronutrients” intervention.
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FIGURES

Records identified
through PubMed
database searching and
screened for eligibility
(n=291)

Records excluded
(n=282)

A4

Full text articles excluded

Full text articles assessed
for eligibility * Did not include a low-
(n=9) dairy control intervention
(n=4)

A 4

A\ 4
Articles first included in
the review
(n=19)

Additional articles
identified by checking the
reference list of included
articles and screened for

eligibility
(n=2)

A 4

\ 4
Final number of articles
included in the review
(n=T7)*

FIGURE 1. Flow diagram of study selection. *One out of the seven research articles
described results pertaining to inflammatory biomarkers from two different randomized

controlled nutritional intervention trials. Pubmed, www.ncbi.nlm.nih.gov/pubmed/.
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SUPPLEMENTARY FILES

SUPPLEMENTAL TABLE 1. Details of the evaluation of the risk of bias in randomized controlled trials that assessed the impact of

dairy products consumption on circulating inflammatory biomarkers'

Criteria
Study Random sequence  Allocation Blinding of Blinding of Blinding of Incomplete Selective Other possible
generation concealment? participants personnel outcome outcome data’ reporting bias®
assessment?
Stancliffe, 2011 Unclear risk Unclear risk Unclear risk Unclear risk Unclear risk Low risk High risk Unclear risk
(32)
Justification: Justification: Justification: Justification: Justification: Justification: All  Justification: Justification:
Unspecified inthe  Unspecified in the = There was no There was no Unspecified in  enrolled subjects ~ According to No baseline
paper paper blinding and blinding and the paper completed the information differences
this would have  this would have trial and were found in were observed

normally been
associated with
a high risk of
bias. However,
blinding was
impossible due
to the nature of
the intervention
and it is unclear
whether this
lack of blinding
could have
directly
influenced
inflammatory
biomarkers
concentrations.

normally been
associated with
a high risk of
bias. However,
blinding was
impossible due
to the nature of
the intervention
and it is unclear
whether this
lack of blinding
could have
directly
influenced
inflammatory
biomarkers
concentrations.

included in the
analyses.

ClinicalTrials.gov
for this study, not
all of the study’s
pre-specified
inflammatory
stress outcomes
have been
reported in the
published paper
(i.e. missing
results for IL-15).

between groups
for age, sex,
BMI, blood
pressure and
plasma lipids-
lipoproteins
concentrations,
but baseline
inflammatory
biomarkers
concentrations
were not
formally
compared.
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Thompson, 2005
(33)

Zemel and Sun,
2008 (34):

Isoenergetic
study

142

Low risk

Justification:
Computer
randomization
algorithm
generated by a
statistician.

Unclear risk

Justification:
Unspecified in the

paper

Low risk

Justification:
Participants were
assigned to their
groups by the unit
secretary of the
General Clinical
Research Center
(otherwise
uninvolved with
the study). The
sequence was
concealed until
the intervention
was assigned.

Low risk

Justification:
Randomization
performed at the
end of the run-in
period, i.c. after
the enrollment of
participants.

Unclear risk

Justification:
There was no
blinding and
this would have
normally been
associated with
a high risk of
bias. However,
blinding was
impossible due
to the nature of
the intervention
and it is unclear
whether this
lack of blinding
could have
directly
influenced
inflammatory
biomarkers
concentrations.

Unclear risk

Justification:
There was no
blinding and
this would have
normally been
associated with
a high risk of
bias. However,
blinding was
impossible due
to the nature of
the intervention
and it is unclear
whether this
lack of blinding

Unclear risk

Justification:
There was no
blinding and
this would have
normally been
associated with
a high risk of
bias. However,
blinding was
impossible due
to the nature of
the intervention
and it is unclear
whether this
lack of blinding
could have
directly
influenced
inflammatory
biomarkers
concentrations.

Unclear risk

Justification:
There was no
blinding and
this would have
normally been
associated with
a high risk of
bias. However,
blinding was
impossible due
to the nature of
the intervention
and it is unclear
whether this
lack of blinding

Unclear risk

Justification:
Unspecified in
the paper

Unclear risk

Justification:
Unspecified in
the paper

Low risk

Justification:
Number of
attrition and
exclusions related
to inflammatory
biomarkers
analyses was
adequately
reported, together
with reasons.
Intention-to-treat
analyses were
performed, and it
was found that
results were
unchanged.

Low risk

Justification:
Number of
attrition and
exclusions related
to inflammatory
biomarkers
analyses was
adequately
reported in the
primary study
(39), together
with reasons.
Those who did
not complete the
study did not have

Unclear risk

Justification:
Insufficient
information to
permit clear
judgement

Unclear risk

Justification:
Insufficient
information to
permit clear
judgement

Low risk

Justification:
No baseline
differences
between groups,
including no
difference in
age, sex, BMI
and CRP
concentrations.

Unclear risk

Justification:
No baseline
differences
were observed
between groups
for age and
BMI, but
baseline
inflammatory
biomarkers
concentrations
were not
formally
compared. Also,
the number of



Hypoenergetic
study

Unclear risk

Justification:
Unspecified in the
paper

Low risk

Justification:
Randomization
performed at the
end of the run-in
period, i.e. after

the enrollment of

participants.

could have
directly
influenced
inflammatory
biomarkers
concentrations.

Low risk

Justification:
Use of a
flavored gelatin
dessert as a
placebo.

could have
directly
influenced
inflammatory
biomarkers

concentrations.

Unclear risk

Justification:
Unspecified in
the paper

Unclear risk

Justification:
Unspecified in
the paper

baseline
characteristics
significantly
different than
those who did
complete the
study.

Unclear risk

Justification:
Number of
attrition (drop-

out) was provided

together with
reasons in the
primary study

(40). However, in

subsequent
analyses of CRP
and adiponectin

(34), two subjects

appeared to have
been excluded
from the yogurt-
enriched group
and reasons for
these exclusions
are not reported

(n =16 instead of

n=18).

Unclear risk

Justification:
Insufficient
information to
permit clear
judgement

men and
women was
unbalanced
between the
low-dairy (8
men vs. 9
women) and
high-dairy diets
(3 men vs. 14
women).

Unclear risk

Justification:
No baseline
differences
were observed
between groups
for age, sex,
BMI, blood
pressure and
plasma lipids-
lipoproteins
concentrations,
but baseline
inflammatory
biomarkers
concentrations
were not
formally
compared.
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Wennersberg,
2009 (35)

Rosado, 2011
(36)

144

Unclear risk

Justification:
Unspecified in the

paper

Low risk

Justification: Use
of computer
randomization.

Unclear risk

Justification:
Unspecified in the

paper

Low risk

Justification:
Participants
assigned to their
groups by a

Unclear risk

Justification:
There was no
blinding and
this would have
normally been
associated with
a high risk of
bias. However,
blinding was
impossible due
to the nature of
the intervention
and it is unclear
whether this
lack of blinding
could have
directly
influenced
inflammatory
biomarkers
concentrations.

Unclear risk”

Justification:
There was no
blinding and
this would have

Unclear risk

Justification:
There was no
blinding and
this would have
normally been
associated with
a high risk of
bias. However,
blinding was
impossible due
to the nature of
the intervention
and it is unclear
whether this
lack of blinding
could have
directly
influenced
inflammatory
biomarkers
concentrations.

Unclear risk”

Justification:
There was no
blinding and
this would have

Unclear risk

Justification:
Unspecified in
the paper

Unclear risk®

Justification:
Unspecified in
the paper

Low risk

Justification:
Number of
attrition and
exclusions related
to inflammatory
biomarkers
analyses was
adequately
reported, together
with reasons.

Low risk

Justification:
Number of
attrition and
exclusions related

Unclear risk

Justification:
Insufficient
information to
permit clear
judgement

Unclear risk

Justification:
Insufficient
information to
permit clear

Unclear risk

Justification:
Most of the
clinical and
biochemical
characteristics
including age,
sex, BMI and
hs-CRP
concentrations
were similar
between groups
at baseline, but
adiponectin,
which was an
outcome of
interest, was
higher (P =
0.021) and
HDL-C was
lower (P =
0.019) at
baseline in the
dairy group vs.
control group.
Thus, it is
unclear whether
the risk of
baseline
imbalance
should be
classified as
high or not.

Low risk

Justification:
CRP
concentrations
were similar at



Zemel, 2010 (37)

Unclear risk

Justification:
Unspecified in the

paper

researcher who
had no direct
contact with
participants. A
treatment code
was also assigned
to participants.

Unclear risk

Justification:
Unspecified in the

paper

normally been
associated with
a high risk of
bias. However,
blinding was
impossible due
to the nature of
the intervention
and it is unclear
whether this
lack of blinding
could have
directly
influenced
inflammatory
biomarkers
concentrations.

Low risk

Justification:
Use of fruit-
flavored soy-
based smoothies
as a placebo.

normally been
associated with
a high risk of
bias. However,
blinding was
impossible due
to the nature of
the intervention
and it is unclear
whether this
lack of blinding
could have
directly
influenced
inflammatory
biomarkers
concentrations.

Unclear risk

Justification:
Unspecified in
the paper

Unspecified in

to inflammatory
biomarkers
analyses was
adequately
reported, together
with reasons.

Unclear risk

Justification:
Data from at least
one subject are
missing in
inflammatory
biomarkers
analyses in each
phase (dairy and
soy-based
smoothies), but
reasons for these
exclusions are not
reported.

judgement

Unclear risk

Justification:
Insufficient
information
obtained from the
published paper
as well as
ClinicalTrials.gov
to permit clear
judgement

baseline
between each of
the milk
interventions
and the control
intervention.
CRP was
significantly
higher in the
“low-fat milk +
micronutrients”
vs. low-fat milk
group, but this
was not the
comparison of
interest here.
Other baseline
characteristics
including age,
sex and BMI
were similar
between groups.

Low risk for
baseline
imbalance, but
high risk for
carry-over
effect

Justification:
No significant
difference
between
baseline values
of the two
dietary phases
for obesity
indices and
inflammatory
biomarkers.
Moreover, due
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van Meijl and
Mensink, 2010
(3%)

146

Unclear risk

Justification:
Unspecified in the

paper

Unclear risk

Justification:
Unspecified in the

paper

Unclear risk

Justification:
There was no
blinding and
this would have
normally been
associated with
a high risk of
bias. However,
blinding was
impossible due
to the nature of
the intervention

Unclear risk

Justification:
There was no
blinding and
this would have
normally been
associated with
a high risk of
bias. However,
blinding was
impossible due
to the nature of
the intervention

Unclear risk

Justification:
Unspecified in
the paper

Low risk

Justification:
Number of
attrition and
exclusions related
to inflammatory
biomarkers
analyses was
adequately
reported, together
with reasons.

Unclear risk

Justification:
Insufficient
information to
permit clear
judgement

to the nature of
the study design
(crossover),
subjects served
as their own
control. A
carry-over
effect was
present for
MCP-1:
Subjects who
received dairy
before soy
exhibited a
significant
decrease,
whereas those
who received
soy before dairy
exhibited an
increase from
baseline in
MCP-1
concentrations
(P for treatment
order = 0.0173).

Low risk for
baseline
imbalance or
carry-over
effect

Justification:
Baseline values
at the beginning
of each dietary
phase are not
reported, but
due to the
nature of the



and it is unclear
whether this
lack of blinding
could have
directly
influenced
inflammatory
biomarkers
concentrations.

and it is unclear
whether this
lack of blinding
could have
directly
influenced
inflammatory
biomarkers
concentrations.

study design
(crossover),
subjects served
as their own
control. No time
or sequence
effects were
observed in
performed
analyses (no
carry-over
effect).

2 Prior to assignment of participants to the interventions.

3 Blinding of the staff that performed laboratory analyses.

I CRP, C-reactive protein; HDL-C, HDL-cholesterol; MCP-1, monocyte chemoattractant protein 1.

% Detailed descriptions of the isoenergetic and hypoenergetic studies are found in references (39) and (40), respectively.

participants and personnel were blinded to the low-fat milk vs. “low-fat milk + micronutrients” intervention.

outcome assessors were blinded to the low-fat milk vs. “low-fat milk + micronutrients” intervention.

* Incomplete report of the number of attrition and exclusions related to inflammatory biomarkers analyses, together with reasons.

5 Risk of bias related to baseline imbalance in factors strongly related to outcome measures or carry-over effect in crossover studies.

7 The “Unclear risk” statement applies to the comparison between the two milk interventions and the control intervention. Thus,

8 The “Unclear risk” statement applies to the comparison between the two milk interventions and the control intervention. Thus,
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CHAPITRE 9 :

LA CONSOMMATION DE PRODUITS LAITIERS N’A PAS
D’IMPACT SUR LES BIOMARQUEURS
INFLAMMATOIRES CHEZ DES HOMMES ET DES
FEMMES AVEC UNE INFLAMMATION SYSTEMIQUE DE
FAIBLE INTENSITE

Labonté ME, Cyr A, Abdullah MM, Lépine MC, Vohl MC, Jones P, Couture P,
Lamarche B.

Dairy product consumption has no impact on biomarkers of inflammation among
men and women with low-grade systemic inflammation

J Nutr. 2014;144(11):1760-7. doi: 10.3945/jn.114.200576
http://jn.nutrition.org/content/144/11/1760.long
Copyright 2014 American Society for Nutrition

Reproduit avec la permission de I’ American Society for Nutrition
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RESUME

Nous avons évalué I'impact de la consommation de produits laitiers sur 1’inflammation
chez des hommes et des femmes présentant une inflammation systémique de faible
intensité. Cette étude multicentrique randomisée, en chassé-crois¢, incluait 112 hommes et
femmes adultes avec des concentrations de la hs-CRP au-dessus de 1 mg/L. Les
participants ont consommé 3 portions/jour de produits laitiers (375 mL de lait a 1% de
M.G. ; 175 g de yogourt a 1,5% de M.G. ; 30 g de fromage cheddar a 34% de M.G.) ou des
produits « témoins » équivalents en énergie (jus de fruits, jus de 1égumes, noix de cajou,
biscuit) dans le cadre de diétes « prudentes » d’une durée de 4 semaines chacune. Chaque
phase (di¢te) était séparée d’une période de repos (« washout ») de 4 a 8 semaines. Les
concentrations sériques de biomarqueurs inflammatoires ont ét¢ mesurées au début et a la
fin de chaque dicte. L’expression de génes inflammatoires et de facteurs de transcription
dans les cellules sanguines complétes a été mesurée a la fin de chaque diéte par
amplification en chaine par polymérase dans un sous-groupe aléatoire de 53 sujets.
L’analyse des changements a 1’intérieur de chacune des di¢tes (valeurs post- moins pré-
diete) a montré une réduction des concentrations de la hs-CRP suite a la dic¢te témoin (-
11,7%, P = 0,05), mais aucun changement suite a la di¢te riche en produits laitiers (-7,3%,
P = 0,47). Ainsi, les variations de la hs-CRP différaient entre les deux di¢tes (P = 0,04).
Les dictes témoin et riche en produits laitiers ont réduit de fagon similaire les
concentrations de I’'[L-6 comparativement aux valeurs initiales spécifiques a chacune (-
17,6% et -19,9%, respectivement, P < 0,0001 pour les deux, P = 0,77 pour la comparaison
entre les dictes). Aucune différence a I’intérieur des dic¢tes ou entre celles-ci n’a été
observée dans les concentrations d’adiponectine. Il n’y avait également aucune différence
entre les diétes dans 1’expression de génes inflammatoires et de facteurs de transcription.
En accord avec les résultats des études précédentes, ces résultats suggerent que la
consommation a court terme d’une combinaison de produits laitiers faibles et riches en
maticres grasses dans le cadre d’une alimentation saine n’exerce aucun effet néfaste sur

I’inflammation.
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ABSTRACT

Background: Randomized controlled trials specifically designed to assess inflammation-
related outcomes in response to dairy consumption are lacking. Objective: We investigated
the impact of dairy food consumption on biomarkers of inflammation in healthy men and
women with low-grade systemic inflammation. Methods: In a multicenter randomized
crossover study, 112 adult men and women with high-sensitivity C-reactive protein (hs-
CRP) values > 1 mg/L consumed 3 servings/d of DAIRY (375 mL low-fat milk, 175 g low-
fat yogurt and 30 g regular fat cheddar cheese) or energy-matched CONTROL products
(fruit juice, vegetable juice, cashews and one cookie) as part of prudent 4-wk diets, each
separated by a 4-8 wk washout period. Serum concentrations of inflammation biomarkers
were measured at the beginning and end of each dietary phase. Expression levels of key
inflammatory genes and transcription factors in whole blood cells were assessed at the end
of each diet by real-time polymerase chain reaction in a random subset of 53 subjects.
Results: Analysis of within-diet changes (post- vs. pre-diet values) showed a significant
reduction in hs-CRP concentrations after CONTROL (-11.7%, P=0.05), but no change after
DAIRY (-7.3%, P=0.47). As a result, changes in hs-CRP differed between DAIRY and
CONTROL (P=0.04). Both the CONTROL and DAIRY diets similarly reduced interleukin
(IL)-6 concentrations compared with diet-specific baseline values (-17.6 and -19.9%,
respectively, P<0.0001 for both, P=0.77 for between-diet comparison). No between- nor
within-diet difference was observed in adiponectin concentrations and there was also no
between-diet difference in the expression of inflammatory genes and transcription factors.
Conclusions: Consistent with data from previous work, these results suggest that short-
term consumption of a combination of low- and high-fat dairy products as part of a healthy

diet has no adverse effects on inflammation (ClinicalTrials.gov Identifier: NCT01444326).

KEYWORDS: C-reactive protein, dairy, inflammatory markers, randomized controlled

trial, gene expression, adults with low-grade systemic inflammation
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INTRODUCTION

A growing body of evidence from epidemiological studies suggests that milk and dairy
product consumption is associated with a modest but significant reduction in the risk of
cardiovascular disease (CVD) (1), coronary heart disease (2-4) and type 2 diabetes (2-8).
Dairy product consumption may also be protective against metabolic syndrome, although
this evidence remains equivocal (9). The presence of an underlying pro-inflammatory state,
characterized by increased circulating concentrations of C-reactive protein (CRP) and
inflammatory cytokines (e.g. IL-6 and TNF-a) as well as decreased concentrations of anti-
inflammatory mediators such as adiponectin, plays a central role in the pathophysiology of

several disorders, including metabolic syndrome and CVD (10-12).

Conflicting results emerge regarding the impact of dairy products on inflammation. Earlier
cell culture studies have shown that incubating mononuclear cells with lactic acid bacteria
stimulates the production of pro-inflammatory cytokines (13-15). Yet in humans, cross-
sectional studies have quite consistently showed that consumption of dairy, particularly
low-fat dairy products, as part of a healthy diet was associated with less systemic
inflammation (16-19). We have recently shown in a systematic review of randomized
controlled nutritional intervention studies that dairy product consumption did not promote a
pro-inflammatory state in overweight and obese adults (20). However, definite conclusions
on a beneficial impact of dairy products on inflammation could not be drawn. Our
systematic review stressed the need for additional studies on this topic, with particular

emphasis on considering inflammation as a primary study outcome.

The primary objective of this randomized nutritional intervention study was to investigate
the impact of dairy food consumption on biomarkers of inflammation in healthy men and
women with low-grade systemic inflammation. Based on the apparent cardioprotective
effects of dairy products, we hypothesized that dairy food consumption has favorable
effects on the inflammatory profile. We also investigated how dairy food consumption

modifies the expression of inflammatory genes in whole blood cells.
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MATERIALS AND METHODS
Participants

This research was undertaken as a multicenter study involving two academic Canadian
research centers, the Institute of Nutrition and Functional Foods (INAF) in Quebec City
and the Richardson Centre for Functional Foods and Nutraceuticals (RCFFN) in Winnipeg.
Men and women were recruited between January and September 2011 through the media
and electronic newsletter to participate in the study. For eligibility, participants had to be
between 18-70 y of age with sub-clinical inflammation as assessed by two consecutive
measurements of plasma high-sensitivity (hs)-CRP concentrations above 1.0 and below
10.0 mg/L. The a priori defined lower limit of 2.0 mg/L for hs-CRP was changed to 1.0
mg/L during the course of the study to facilitate recruitment. There was no eligibility
criterion based on usual dairy intake but participants were asked to reduce their dairy intake
to 2 servings/d or less during the run-in period. Exclusion criteria included: smoking, body
weight variation over the last 6 mo greater than 10%; a BMI over 35 kg/m?; a previous
history of CVD, type 2 diabetes, monogenic dyslipidemia, or any diagnosed endocrine or
gastrointestinal disorder; the use of anti-hypertensive, anti-inflammatory or lipid-lowering
medication (i.e. statins); allergies and intolerance to dairy foods; aversion to foods provided
during the study and clinical use of vitamin D and calcium supplements. The a priori
defined cutoff of 35 kg/m? for BMI was modified during the recruitment phase to include
two participants (one in each center) with a BMI of 36.3 kg/m?. Among premenopausal
women, only those with a regular menstrual cycle (25-35 d) for the past 3 mo were
included. All postmenopausal women were eligible irrespective of their hormone
supplementation status as long as it remained constant throughout the study. Follicle-
stimulating hormone (FSH) measurements were performed to confirm the premenopausal
or postmenopausal status (FSH < 20 IU/L or FSH > 25 TU/L). Women who had initiated
hormone replacement therapy within 6 mo of study onset were not eligible. Women who
used contraceptive agents were not excluded from the study. Participants were enrolled by
MCL and AC at INAF and by MMA at RCFFN. The study protocol was fully explained to
all participants, who gave written informed consent at the time of enrollment. The study

protocol was in accordance with the ethical standards of each institution involved. A total
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of 212 men and women were found to be eligible (Figure 1), among whom 137 were
randomized to one of the two intervention sequences. Seven participants never started the
intervention and six dropped out due to the incapacity to commit to the demanding nature
of the protocol. Of the remaining 124 participants who completed the two dietary phases,
twelve were excluded from analyses because of a post-diet value of hs-CRP above 10 mg/L
in at least one of the two dietary phases, which is an indication of an acute inflammatory
response (21). Retaining these participants in the analyses did not materially alter the

results (not shown).
Study design and diets composition

The study was undertaken using a randomized, crossover design with two 4-wk treatments,
DAIRY and CONTROL. During a 2-wk run-in period, enrolled participants received
dietary advice by a registered dietitian on how to adapt their diet to a prudent dietary
pattern characterized by low intakes of SFA (< 10% energy), trans fat (< 1% energy),
dietary cholesterol (< 200 mg/d) and sodium (< 2300 mg/d) (22). The total amount of fat
was not restricted, with recommendations ranging from 25-35% of total energy.
Substituting saturated by unsaturated fat was advocated. Advice on how to restrict the
consumption of processed and energy-dense foods were provided, with also a specific
recommendation to consume a maximum of 2 servings of dairy products per d during the
run-in. No food was provided to participants during this 2-wk run-in period. Randomization
of participants to one of the two diet sequences (DAIRY/CONTROL or
CONTROL/DAIRY) was computer-generated after the run-in period by a member of the
research team at INAF without any knowledge of participants' status and eligibility. The
sequence for each participant was thereafter passed on to the study coordinators at both
centers. Randomization to diet sequences within each center was further stratified for
baseline hs-CRP concentrations (1-2 mg/L. and 2-10 mg/L based on the screening results)
and sex. The backbone of the CONTROL and DAIRY diets corresponded to the prudent
dietary pattern recommended during the run-in period. However, during the DAIRY diet,
participants had to specifically incorporate 3 servings of dairy products into their everyday
diet. The following combination of low- and high-fat dairy products was provided to

participants on a weekly basis by the research team: 375 mL/d of low-fat milk (1% M.F.),
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175 g/d of low-fat yogurt (1.5% M.F.) and 30 g/d of regular fat cheddar cheese (34% M.F.).
During the CONTROL diet, participants were provided with the following energy-
equivalent control products on a weekly basis: 290 mL/d of 100% fruit juice (Oasis®
Classic line), 156 mL/d of vegetable juice (V8® Original Vegetable Cocktail) (23), 20 g/d
of cashews and one cookie (39 g/d) prepared in the metabolic kitchen of each research
center using a standardized recipe. Available fruit juice flavours were orange, apple or
wildberry. Orange and apple were the most popular flavours among participants. The
nutritional composition of all three flavours was similar (24). Consumption of dairy
products during the CONTROL diet was forbidden. The composition of DAIRY and
CONTROL foods is presented in Table 1. The two diets were separated by a 4- to 8-wk
washout period during which participants were also asked to comply with the prudent
dietary pattern described above. Participants were asked to maintain their body weight and
usual levels of physical activity constant throughout the duration of the study. They were
specifically told that this was not a weight loss study. A 3-d physical activity journal was
collected at the end of each dietary phase. Consumption of tea and coffee (without milk or
cream) was allowed within a limit of 2 cups (500 mL)/d. Alcohol was restricted to 1
drink/d, up to 5 per wk (1 drink was considered as a normal size bottle of beer [340 ml], a
glass of wine [150 ml] or a glass of liquor [45 ml]). Supplementation with vitamins and
natural health products was strictly forbidden throughout the study. Anti-inflammatory
medication such as ibuprofen was also prohibited during the intervention. Study

coordinators and participants were not blinded due to the nature of the interventions.
Dietary assessment

Dietary intake was assessed at screening and at the end of each dietary phase using a
validated and highly reproducible web-based self-administered FFQ (25), which justifies its
use in nutrition intervention studies assessing dietary intakes of participants over time, as is
the case in the present crossover study. Intakes of specific food groups in terms of
servings/d obtained from the web-FFQ were calculated based on servings of Canada’s Food

Guide (26).
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Compliance

Compliance to the dietary recommendations was assessed using data from the web-FFQ
and a checklist provided each wk to identify DAIRY or CONTROL foods that were
consumed or not. This list also provided space to indicate alcohol, tea and coffee
consumption as well as medication use. Participants had to notify the physician in charge of
the clinical aspects of the study before initiating any medication. Behavioral and
psychological counseling was offered to participants to maximize the success of the
nutritional changes. Compliance was also assessed by measuring serum 25-hydroxyvitamin
D (25(OH)D) concentrations after the DAIRY and CONTROL dietary phases. The
concentration of 25(OH)D is expected to increase when dietary intake of vitamin D is

increased (27).
Clinical measures at screening

Systolic and diastolic blood pressures at screening were averaged from 3 measurements
taken after a 10-min rest in the sitting position with an automated blood pressure monitor
(BPM 300-BpTRU model; Vital Signs Monitor). Serum lipid profile at screening was
performed according to methods described previously (28-31). hs-CRP concentrations at
screening were measured by nephelometry as previously described (32). The CV of this

assay 1s <1% for both low and high hs-CRP concentrations (32).
Anthropometric measures

Body weight, waist and hip circumferences were measured according to standardized
procedures at screening as well as at the beginning and at the end of each dietary phase
(33). Body weight was specifically measured twice within the last wk of each diet. The
mean of the two post-diet values of body weight was used for the calculation of BMI post-
diet. Lean and fat mass were measured by the DXA technique (GE Healthcare, Madison,
WI) once at the end of each dietary phase.

157



Inflammatory biomarkers

Fasting blood samples (12-h) were collected from an antecubital vein once at the beginning
and twice within the last wk of each dietary phase, 2-5 d apart. The mean of the two post-
diet values was used in analyses of hs-CRP, IL-6 and adiponectin in order to minimize
intra-individual variability. Serum hs-CRP concentrations were measured using a
commercial ELISA kit for the human form (BioCheck Inc, Foster City, CA). Serum IL-6
(R&D Systems Europe, Inc.) and adiponectin concentrations (B-Bridge International, Inc.)
were also measured using commercial ELISA kits. The intra-assay CV were 4.4%, 7.4%
and 5.2% for hs-CRP, IL-6 and adiponectin, respectively. The laboratory staff was blinded

to the dietary interventions.
Inflammatory gene expression analysis

Samples were collected using PAXGene Blood RNA tubes (Qiagen, Valencia, CA) at the
end of each dietary phase for the direct measurement of inflammatory gene expression in
whole blood cells in a random subsample of 53 participants. Total RNA was first isolated
from 2.5 mL of whole blood samples using the PAXGene Blood RNA purification kit
(Qiagen, Valencia, CA) according to manufacturer’s instructions. RNA was thereafter
quantified using NanoDrop (Thermo Fisher, Wilmington, DE). ¢cDNA was synthesized
from 1 pug of RNA using the High Capacity cDNA Reverse Transcription Kit (Life
Technologies). Gene expression was measured by qRT-PCR using TagMan® OpenArray®
Real-Time PCR Plates with Inventoried Gene Expression Assays (Applied Biosystems,
Foster City, CA) and the QuantStudio 12K Flex Software (Applied Biosystems, Foster
City, CA). GenBank and Life Technologies numbers of the analyzed genes are provided in
Supplemental Table 1. Each sample was analyzed in triplicate. Expression of the target
genes was normalized to the expression of the internal control gene glucose-6-phosphate
dehydrogenase (G6PD) using the formula ACt = (Ct value of the target gene — Ct value of
the internal control gene) (34). Ct values used in the formula consisted of the mean of the
triplicates’ individual Ct values, unless the SD of a triplicate was > 0.5, in which case the
outlier value was excluded from the calculation of the mean. Expression of the following
10 inflammation-related genes and transcription factors was measured: chemokine (C-C

motif) ligand 2 (CCL2), IL18, IL6, ILIB, nuclear factor kappa-B subunit 1 (NFKBI),
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natriuretic peptide receptor C (NPR3), peroxisome proliferator-activated receptor alpha
(PPARA), sterol regulatory element-binding transcription factor 2 (SREBF2), TNF, and
TNF receptor-associated factor 3 (TRAF3). CCL2, IL6 and NPR3 were not retained in the
analyses since their level of expression was too low to be detected in approximately half of
the samples and thus did not allow reliable data to be obtained. Normalization of the target
genes to the expression of the internal control gene GAPDH was also considered and led to
similar results, but G6PD showed the smallest variation in expression after the DAIRY vs.

CONTROL diet (fold change -1.01 for G6PD vs. 1.05 for GAPDH).
Sample size calculation

Sample size estimates were calculated based on data from Zemel et al (35). When
combining the various groups in that study (overweight, obese, all) and the 2 time points
during the intervention (7 and 28 d), the SD of the change in plasma hs-CRP in response to
dairy was on average 300% (3-fold) greater than the actual change in mg/L in that study
(35). Our anticipated dropout rate was set at 15%. Based on these considerations and on the
assumption that the average hs-CRP concentration at baseline would be around 3 mg/L as
per our inclusion criteria, we have calculated that the study with 120 subjects completing
the two phases of the intervention would allow us to detect a clinically meaningful 0.8
mg/L (25%) difference in hs-CRP concentrations between the DAIRY and CONTROL
diets, with a power of 82% and a type 1 error (a) of 5%. Between-diet differences in other
markers of inflammation, anthropometry indices and relative expression levels of

inflammatory genes represented secondary study outcomes.
Statistical analyses

The pre-specified primary analysis was undertaken using a per protocol approach. This
analysis consisted of assessing within-diet changes in study outcomes (i.e. delta scores
calculated as post-diet [wk 4] minus pre-diet [wk 0] values in the DAIRY and CONTROL
diets) as well as between-diet (DAIRY vs. CONTROL) differences in delta scores using the
MIXED procedure for repeated measures in SAS (version 9.2; SAS Institute, Cary, NC),
with diet as a fixed effect and subject as a random effect. The significance of within-diet

changes was determined using the least-square means statistic in the MIXED procedure.
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The pre-specified secondary analysis consisted of comparing post-diet values of outcome
variables between the DAIRY and CONTROL diets also using the MIXED procedure, with
diet as a fixed effect and subject as a random effect. The structure of the covariance matrix
for each variable was taken into account in all analyses to ensure the most adequate
statistical fit of the model to the experimental data. Pre-specified potential confounders of
the inflammatory markers’ response to diet, namely sex, study center, and pre-diet
inflammatory status, were included as covariates if they were found to be significant at P <
0.05 in a selected model. Further adjustment for anthropometry indices (i.e. waist
circumference or BMI) had no impact on the results and thus was not retained in any of the
analyses. The interaction of the above mentioned potential confounders as well as the
interaction of age and menopausal status with the main treatment effect was also tested in
all analyses using appropriate interaction terms and multivariate modeling. No such
interactions were found. Analyses also showed no evidence of a carry-over effect of the
dietary treatments on inflammatory outcomes (not shown), except for the relative /L/B
gene expression levels (described in the Results section). Univariate correlations among
key outcomes were assessed using Spearman correlation coefficients. Baseline
characteristics of the random subsample of 53 subjects used for gene expression analyses
were compared with those of the whole study sample using the Student’s unpaired t-test.
Variables with a normal distribution are reported in the text as means + SD. Abnormally
distributed variables were natural log-transformed before statistical analysis and are
reported in the text as geometric means (95% CI), except data pertaining to dietary intakes.
Indeed, dietary intakes were analyzed using non-parametric tests (Friedman test or
Wilcoxon matched-pairs signed-rank test) and data are therefore reported as medians
(IQR). Frequencies are reported in the text as % with number of participants in parentheses.

Differences at P < 0.05 were considered significant.
RESULTS

The 112 subjects who were included in the final per protocol analysis had a mean (+ SD)
age of 40.1 £ 16.7 y and were primarily women (66.1%, n=74) and Caucasian (66.7%,
n=74) (Table 2). They were in good health with average blood pressure and cholesterol

concentrations within acceptable ranges (36). The mean concentration of hs-CRP at
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screening was 2.51 mg/L (geometric mean, 95% CI: 2.29-2.74). Among women, 35.1%
(n=26) were postmenopausal and 6.8% (n=5) had been using hormone replacement therapy
for more than 6 mo. Among premenopausal women, 43.8% (n=21) were using oral
contraceptives. Participants’ intake of dairy products was 2.0 servings/d (median, IQR: 1.9,
Table 3) at screening. We calculated based on checklists that 98.5 + 2.8% and 96.6 = 5.9%
(means = SD) of the DAIRY and CONTROL products were consumed by participants
during the intervention periods. Self-reported intakes of the test foods during each phase
also matched very closely the number of servings provided to participants (Table 3). Serum
concentrations of 25(OH)D were significantly higher after DAIRY (76.4 £ 27.8 nmol/L)
than after CONTROL (68.2 +29.0 nmol/L, P = 0.0004).

Intakes of grain products and animal proteins in terms of servings per day did not differ
between DAIRY and CONTROL (Table 3). However, intakes of dairy products, fruits and
vegetables, meat and alternatives, and vegetable proteins all differed between the two diets
(all P <0.00006). In terms of nutrient intake, participants during the DAIRY diet consumed
more energy, protein, SFA, dietary cholesterol, calcium and vitamin D, but less
carbohydrate, fiber, MUFA and PUFA than they did during the CONTROL diet (all P <
0.05) (Supplemental Table 2). However, after having removed food items provided to
participants during the CONTROL and DAIRY diets from the self-reported dietary intake
data, the remainder of these diets was very similar (Supplemental Table 3). The main
residual differences in participants’ background diet were a higher consumption of fruits
(mostly from fruit juice), energy and carbohydrate and a lower consumption of protein in

DAIRY vs. CONTROL (Supplemental Table 3).

There was a small increase in BMI after DAIRY (within-diet change of 0.4%, P = 0.001,
Table 4), which remained significant after adjustment for energy intake. Within-diet
changes in BMI as well as post-diet values of BMI also differed between CONTROL and
DAIRY (P = 0.0007 for both), but again differences were very small and remained
significant after adjustment for energy intake. However, differences in BMI between diets
were not correlated with differences in hs-CRP, IL-6 or adiponectin (» = 0.04, P = 0.67; r =
0.03, P=0.73; r=-0.004, P = 0.97, respectively). Variations in BMI within the DAIRY or
CONTROL diet were also not significantly correlated with variations in hs-CRP, IL-6 or
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adiponectin (-0.09 < r < 0.18). The CONTROL and DAIRY diets similarly increased waist
circumference compared with pre-diet values (0.9% and 1.4%, respectively, within-diet P <
0.01 for both, between-diet P = 0.56 for the comparison of delta scores). Post-diet waist
circumference, abdominal fat mass and total body fat mass did not differ between the

CONTROL and DAIRY diets (P >0.32).

The two measures of hs-CRP post-diet were strongly correlated after both the CONTROL
and DAIRY diets ( = 0.89 and 0.88, respectively, both P < 0.0001) (Supplemental Figure
1). The change vs. baseline in hs-CRP differed between DAIRY and CONTROL (P = 0.04,
Table 4). Specifically, hs-CRP concentrations were reduced after CONTROL vs. diet-
specific baseline values (-11.7%, within-diet P = 0.05, Table 4), while they were
unchanged after DAIRY (-7.3%, P = 0.47). Both the CONTROL and DAIRY diets reduced
IL-6 concentrations compared with diet-specific baseline values (-17.6 and -19.9%,
respectively, within-diet P < 0.0001 for both) but these changes in IL-6 as well as post-diet
IL-6 concentrations did not differ between the two diets (P > 0.70). There was no between-

nor within-diet difference in adiponectin concentrations (all P > 0.23).

Expression of key inflammatory genes and transcription factors in whole blood cells in
response to DAIRY vs. CONTROL was examined in a random subsample of 53 subjects
having participated in both centers. Baseline characteristics of these 53 subjects did not
differ from characteristics of the whole sample of 112 participants (P > 0.25, not shown).
Between-diet differences in inflammatory biomarkers in this subgroup of subjects also
reflected differences seen in the whole study sample (not shown). Post-diet expression
levels of IL18, ILIB, NFKBI, PPARA, SREBF2, TNF and TRAF3 did not differ between
CONTROL and DAIRY (all P > 0.12) (Supplemental Table 4). However, there was an
effect of the diet sequence on the relative expression level of IL/B (P = 0.02 for the
interaction; not shown): this level was higher after DAIRY in participants who consumed
the CONTROL diet first (P = 0.02, not shown), while it remained unchanged in participants
who consumed the DAIRY diet first (P = 0.30, not shown).
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DISCUSSION

The present randomized crossover study assessed the impact of dairy consumption as part
of a prudent diet on inflammation using hs-CRP as a primary outcome and other recognized
inflammatory biomarkers as secondary outcomes. We also explored the impact of dairy
consumption on the expression levels of genes acting as transcription factors and involved
in the inflammatory response. Compared with diet-specific baseline values, short-term
consumption of approximately 3 servings/d of commercially available dairy products had
no impact on hs-CRP or adiponectin concentrations, but reduced IL-6 concentrations.
Consumption of a control dairy-free diet reduced hs-CRP and IL-6 concentrations
compared with diet-specific baseline values, but had no impact on adiponectin
concentrations. As a result, the reduction in hs-CRP after the CONTROL diet was
significantly greater than the small non-significant variation seen after the DAIRY diet,
while variations in IL-6 and adiponectin concentrations were comparable between the two
diets. These observations are unlikely to have been confounded by changes in obesity
indices, although the absence of pre-diet data for abdominal fat mass and total body fat in
the present study limits our analysis and interpretation of potential variation in body fat

distribution during either diet.

Results from available studies that have documented the impact of dairy consumption on
inflammatory biomarkers have been inconsistent. In a recent systematic review of the
literature (20), we have highlighted that only one of eight clinical studies so far was a priori
designed for that purpose. This one study reported favorable effects of adequate dairy
consumption over 12 wk (> 3.5 daily servings vs. < 0.5 daily servings) on oxidative and
inflammatory stress in individuals with metabolic syndrome (37). The biomarkers of
inflammation that were favourably modified after dairy consumption in that study were hs-
CRP, IL-6, TNF-a, monocyte chemoattractant protein 1 (MCP-1) and adiponectin. In the
seven other randomized trials discussed in the systematic review, change in the
inflammatory profile was assessed as a secondary or unclearly defined outcome (35, 38-
42). Three of these seven studies reported inflammation-lowering effects of dairy
consumption (35, 39). In the two studies reported by Zemel et al. in reference (39),

concomitant reductions in adiposity indices such as total body fat and trunk fat after
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consumption of dairy products are likely to have confounded their impact on the
inflammatory profile (43, 44). In the other study, Zemel ef al. (35) documented the short-
term effects of a dairy-rich diet compared with soy products on inflammatory stress in
overweight and obese subjects (n=20) in the absence of adiposity changes. The dairy-based
diet had significant anti-inflammatory effects as evidenced by reductions in hs-CRP, IL-6,
TNF-0 and MCP-1 concentrations as well as an increase in adiponectin concentrations.
These effects were evident by d 7 of the dairy-based diet and magnified at the end of the
28-d treatment period. The study length and crossover design were similar to features of the
present study. However, the dairy-rich diet in Zemel et al. (35) incorporated smoothies
formulated with non-fat dry milk, which does not reflect consumption of commercially
available dairy products as per our own study. The extent to which differences in dairy
product formulation between the two studies may have influenced the bioavailability of

nutrients in dairy and, consequently, their impact on inflammation is unknown.

The purported benefit of dairy consumption on inflammation has not been observed
consistently (38, 40-42). Van Meijl and Mensink (42, 45) reported no effect of an 8-wk
low-fat dairy diet vs. a control diet on CRP and IL-6 among 40 overweight or obese
subjects. This study shares several features with our study, including the crossover design,
the use of CHO-rich control products (fruit juice and biscuits) and the relatively short-term
duration of the diets. The lack of effect of dairy consumption on hs-CRP is also consistent

with our findings.

Exploratory analyses in a subsample of study participants showed that consumption of 3
servings of dairy products per d had no impact on expression levels of key inflammatory
genes and transcription factors in whole blood cells compared with a dairy-free diet.
Consistent with our results, in a randomized parallel controlled feeding study, Van Loan et
al. (46) showed no change in relative transcript abundances of inflammatory genes such as
TNF-a, IL-6, MCP-1 (also known as CCL2), and IL-1f in subcutaneous adipose tissue of
overweight and obese adults consuming energy-restricted diets combined with either
adequate dairy intake (3-4 servings/d) or low dairy intake (< 1 serving/d). They also
showed no between-diet difference in circulating concentrations of inflammatory mediators

including pro-inflammatory cytokines, hs-CRP and adiponectin. To the best of our
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knowledge, this is the only other report having assessed inflammatory gene expression

levels following dairy consumption.

Limitations and strengths of this intervention trial need to be pointed out. First, in contrast
with some of the previous studies, which matched macronutrient proportions between
experimental diets (35, 37, 39, 41), the present study had by design inevitable but important
differences in macronutrient proportions between the CONTROL and DAIRY diets.
However, analyses of self-reported nutritional intakes showed that differences in global
dietary intakes between the CONTROL and DAIRY diets were almost entirely attributable
to foods provided during each phase of the intervention rather than to differences in
participants’ background diet between each phase (Supplemental Table 3). The higher
consumption of “fruits” in DAIRY vs. CONTROL represented the major difference in
participants’ background diet, but it was mostly explained by a slightly higher intake of
fruit juice while on DAIRY (not shown). The lack of diet-specific baseline data on food
intake limits analysis and interpretation of dietary change when participants were on the
CONTROL and DAIRY diets. This is also the case for gene expression levels, which were
not measured at baseline of each dietary phase. It is stressed that the CONTROL diet had a
beneficial impact on pro-inflammatory markers compared with diet-specific baseline
values. A possible explanation for this effect is that control foods may have provided
bioactive ingredients such as vitamins and phytochemical compounds, which have been
suggested to exert potential anti-inflammatory effects in some (47-49), but not all studies
(50-52). However, we argue that the use of commercially-available control products was
appropriate and justified, each representing a plausible alternative to dairy products when
transposed into a non-experimental, real-life setting. Both diets diet were consumed over a
4-wk period. This relatively short time frame was sufficient to observe significant
reductions in IL-6 concentrations from baseline values. It is also stressed that two
randomized controlled trials previously reported significant changes in inflammatory
biomarkers even after shorter periods, i.e. after only one week of intervention with dairy
products (35, 37). However, whether longer-term dairy consumption triggers a different
anti-inflammatory response remains to be addressed. Key strengths of the present study
include the randomized crossover and multicenter design, the large number of subjects

enrolled, the fact that participants were specifically selected to have subclinical
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inflammation, as well as the high compliance of subjects to the experimental procedures.
The fact that inflammatory biomarkers concentrations were measured twice at the end of
each diet to minimize intra-individual variations is also a significant strength. This is the
first diet study, to the best of our knowledge, having used such an approach. The free-living
nature of the protocol and the use of commercially available products make it relevant to

everyday clinical practice.

In conclusion, we showed that short-term dairy consumption in the context of a prudent diet
has no significant impact on hs-CRP or adiponectin concentrations, but reduces circulating
levels of the pro-inflammatory cytokine IL-6 from baseline values. Our study was not able
to relate any of these changes to variations in expression levels of key inflammatory genes
in whole blood cells compared to a dairy-free diet in healthy men and women with low-
grade systemic inflammation. Short-term dairy consumption was also associated with a
slight increase in BMI, but this did not correlate with variations in the inflammatory profile.
Combined with data from previous work, these results confirm that consumption of a
combination of low- and high-fat dairy products as part of a healthy diet has no adverse
effects on inflammation (20). Whether dairy consumption exerts anti-inflammatory effects
is currently not fully substantiated by existing studies on this topic and requires further
demonstration through well-designed and adequately powered studies of perhaps longer

duration as well.
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TABLES

TABLE 1. Average nutritional composition of foods provided as part of the CONTROL
and DAIRY diets

CONTROL DAIRY
Fruit juice, 290 ml; Low fat milk, 375 ml;
Vegetable juice, 156 ml;  Yogurt, 175 g; Cheese, 30 g

Nutrient Cashews, 20 g; Cookie, 39 g
Energy, kJ 1833 1807
Total fat, g 17.1 16.3

SFA, g 7.6 8.7

MUFA, g 6.6 4.1

PUFA, g 1.91 0.42

TFAl, g 0.01 0.08
Protein, g 7.7 26.0
Carbohydrate, g 63.3 45.0
Fiber, g 3.2 0
Sodium, mg 459 465
Calcium, mg 84 913
Vitamin D, ug 0 5.2

U'TFA, trans fatty acids.
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TABLE 2. Characteristics of the 112 men and women with low grade inflammation at

screening!
Mean + SD? (min-max)

Women, n (%) 74 (66)
Postmenopausal women, n (% of women) 26 (35)
Ethnicity?, n (%)

Caucasian 74 (67)

Asian 28 (25)

African 3(3)

Hispanic 33

Other 3(3)
Age, y 40.1 +16.7 (18-69)
Body weight, kg 72.2+£15.6 (46.3-122.4)
BML, kg/m? 25.8+4.3 (17.4-36.3)
Waist circumference, cm 87.5+13.6 (61.5-118.0)
hs-CRP*, mg/L 2.51[2.29-2.74] (1.06-8.47)
Blood pressure®, mm Hg

Systolic 1142+£124  (94.7-148.0)

Diastolic 67.6+7.3 (53.3-84.0)
Plasma lipids®, mmol/L

Total-C 53+1.0 (3.1-7.9)

LDL-C 30+1.0 (1.2-5.3)

HDL-C 1.7+ 0.4 (0.9-2.8)

TG 1.4+0.6 (0.6-3.2)
Total-C/HDL-C ratio® 33+1.0 (1.8-7.0)

! HDL-C, HDL-cholesterol; hs-CRP, high-sensitivity C-reactive protein; LDL-C, LDL-

cholesterol; Total-C, total cholesterol

2 Values are means + SD unless indicated otherwise, i.e. frequency (%) or geometric mean

[95% CIJ.

3 Percent values based on n = 111 as data on ethnicity was missing for one participant.
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4 Value is the geometric mean [95% CI].

3 Values at screening available for only 52 participants because they were not measured in

one of the two centers.

® Values at screening available for only 51 participants because they were not measured in

one of the two centers.

178



TABLE 3. Self-reported intakes by food groups of participants’ usual diet as well as during
the CONTROL and DAIRY 4-wk diets in men and women with low grade inflammation’

Food groups USUAL CONTROL DAIRY P?
servings/d
Dairy products 2.0(1.9) 0.0 (0.3)* 3.5 (1.0)*° <0.0001
Milk 0.6 (1.3) 0.0 (0.0)* 1.6 (0.5)*® <0.0001
Yogurt 0.2 (0.3) 0.0 (0.0)* 0.9 (0.0)*° <0.0001
Cheese 0.3 (0.9) 0.0 (0.0)* 0.6 (0.0)° <0.0001
Fruits and vegetables 5.5@3.9) 8.7(5.1)? 5.5(5.1)° <0.0001
Fruit juice 0.3 (0.9) 2.0 (1.4 0.2 (1.0)° <0.0001
Vegetable juice 0.0 (0.2) 1.3 (0.0)? 0.0 (0.2)*° <0.0001
Grain products 4.53.1) 3.7 (2.8)* 4.1 (2.5)* <0.0001
Meat and alternatives 2.2(1.8) 2.5(1.8)* 1.9 (1.8)*° <0.0001
Animal protein 1.5(1.2) 1.5(1.2) 1.5 (1.2)* 0.01
Vegetable protein 0.4 (0.6) 0.9 (0.8)* 0.4 (0.6)° <0.0001
Nuts 0.1 (0.2) 0.6 (0.1)* 0.1 (0.2)° <0.0001
Other foods
Cookies 0.2 (0.4) 1.0 (0.7)* 0.2 (0.4)° <0.0001

' Values are medians (IQR). n = 108 for the USUAL intakes (i.e. measured at screening) as
dietary data for 4 participants were excluded because of non-plausible energy intakes (<
2092 or > 14 644 kJ [< 500 or > 3500 kcal] in women and < 3347 or > 17 573 kJ [< 800 or
> 4200 kcal] in men); n =106 in the CONTROL diet as dietary data from the FFQ were
missing for 3 participants and 3 participants were excluded because of non-plausible energy
intakes; n = 104 in the DAIRY diet as dietary data were missing for 6 participants and 2

participants were excluded because of non-plausible energy intakes.

2 P values for differences between measurements, as determined by the Friedman test.
Pairwise comparisons were performed using rank transformation of the data followed by
the general linear model procedure and the Tukey adjustment for multiple comparisons. * =
significantly different from USUAL (P < 0.05); ® = significantly different from CONTROL
(P <0.05).
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TABLE 4. Effects of the CONTROL and DAIRY diets on anthropometry indices and inflammatory biomarkers in the 112 men and

women with low grade inflammation'

CONTROL DAIRY Between-diet P
Variable Pre Post A (95% CI)? % Pre Post A (95% CI)? % A Post
Vs P\c;Ss.t“
A3
Anthropometry
BMPD, kg/m? 25.8+4.3 25.8+4.3 -0.04 (-0.10, 0.02) -0.1 25.8+43 259+4.4 0.10 (0.04, 0.16)* 0.4 0.0007  0.0007
Waist circumference®, cm  86.4+14.1 87.2+13.9 0.84(0.24, 1.43)* 0.9 86.6+ 144 87.8+14.1 1.06(0.55,1.56)* 1.4 0.56 0.54
Android fat mass, kg N/A 226+1.12 - - N/A 226+1.14 - - - 0.80
Total body fat mass, kg N/A 241+£99 - - N/A 242+£10.0 - - - 0.32
Inflammatory biomarkers
hs-CRP7, mg/L 289+£229 2.55+1.96 -0.34(-0.68,0.00)* -11.7 3.08+3.07 2.85+2.14 -0.23(-0.74,0.29) -7.3 0.04 0.06
IL-67, pg/mL 1.65+1.10 1.36+0.73 -0.29(-0.43,-0.15)* -17.6 1.73+1.08 1.39+0.68 -0.34(-0.50,-0.19)* -19.9 0.77 0.70
Adiponectin’, ug/mL 898 +4.71 8.97+4.36 0.00(-0.38,0.37) 0.0 8.91+4.61 881+423 -0.09(-0.41,0.22) -1.0 0.37 0.49

! Values are means = SD or mean A post- vs. pre-diet (95% CI) with the corresponding % change. hs-CRP, high-sensitivity C-reactive

protein; N/A, unavailable data

2 * = Significant within-diet effects (P < 0.05), as determined by the least-square means statistic in MIXED models performed on delta

scores representing post- vs. pre-diet variations.

3 P values for between-diet effects, as determined by MIXED models performed on delta scores representing post- vs. pre-diet
variations. Adjustment for potential covariates (sex, centre, and/or pre-diet values of the selected variable) was considered only when

they were found to be significant at P < 0.05 in the models.
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4 P values for between-diet effects, as determined by MIXED models performed on post-diet values (end-point to end-point).
Adjustment for potential covariates (sex, centre, and/or pre-diet values of the selected variable) was considered only when they were

found to be significant at P < 0.05 in the models.
3 Analysis of post-diet values was adjusted for pre-diet values of BMI.

® =111 post-diet in both dietary interventions as data were missing for one participant in each diet. Analysis of delta scores was

adjusted for centre only. Analysis of post-diet values was further adjusted for pre-diet values of waist circumference.

7 Analyses of delta scores were performed on post- vs. pre-diet variations of log-transformed data since post- vs. pre-diet variations of
crude data were not normally distributed. Analyses of post-diet values were performed on log-transformed data. All analyses were
adjusted for pre-diet values of the selected inflammatory biomarker. Analyses of delta scores and post-diet values of hs-CRP were

further adjusted for study center.
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FIGURES

Telephone screening
n=0623

L Excluded n= 277

* Did not meet inclusion criteria
A\ 4

Eligible after telephone screening
n= 346

Declinedn=9
* Because of time commitment

A
Clinical assessment

n=337
| Excludedn=125
*CRP<1.0mg/L, n=122
*CRP>10.0mg/L, n=1
*Vegan, n=1
* Anti-hypertensive medication, n = 1
A\ 4
Eligible
n=212

Declined n=75
» Chose not to participate =
* Could not be contacted

Randomized

n=137
Declinedn=7 Droppedoutn=6
» Chose not to participate * Protocol too demanding
\4
Completed study
n=124

Excluded from analyses n=12

* Mean of the two post-diet values of
[ CRP > 10.0mg/L in at least one of
the two dietary phases

Included in analyses of inflammatory
biomarkers
n=112

FIGURE 1. Flow of participating men and women with low grade inflammation

throughout the study.
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SUPPLEMENTARY FILES

SUPPLEMENTAL TABLE 1. GenBank and Life Technologies numbers of the analyzed

genes!
# GenBank? # Life Technologies®
Target genes
cCcL2 NM_ 002982 Hs00234140 ml
IL18 NM_001562 Hs01038788 ml
IL6 NM_00600 Hs00985639 ml
ILIB NM_000576 Hs01555410 m1
NFKBI NM 003998 Hs00765730 _ml
NPR3 - Hs01099013 m1
PPARA NM 005036 Hs00947536 _ml
SREBF?2 NM_004599 Hs01081784 ml
INF NM_ 000594 Hs01113624 ¢l
TRAF3 NM 145725 Hs00936781 ml
Control genes
G6PD - Hs00166169 m1
GAPDH NM 002046 Hs00266705 gl

1G6PD, glucose-6-phosphate dehydrogenase; NPR3, natriuretic peptide receptor C

2 National

Center

for

Biotechnology

(http://www.ncbi.nlm.nih.gov/genbank/)

Information

(NCBI)

GenBank

3 Life Technologies Genome Database (http://www.lifetechnologies.com/order/genome-

database/)
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SUPPLEMENTAL TABLE 2. Energy and nutrient intakes prior to (USUAL) as well as
during the CONTROL and DAIRY dietary interventions in men and women with low grade

inflammation!
Nutrient USUAL CONTROL DAIRY P?
Energy, kJ 8056 (3840) 7321 (3506)* 7856 (3048)° 0.0002
Alcohol, % 1.0 (2.3) 0.8 (1.8) 0.7 (1.7) <0.0001
Lipids, % 33.9(6.3) 33.0(7.7) 30.3 (6.1)* 0.0004
SFA, % 11.0 (3.1) 8.7 (2.4)* 10.7 (2.3)° <0.0001
MUFA, % 13.1 (3.3) 14.1 (3.4)* 11.8 (3.0)*° <0.0001
PUFA, % 6.2 (2.3) 7.2 (1.7) 5.2 (1.8)*° <0.0001
TFA, % 1.3 (0.5) 1.1 (0.6) 1.1 (0.5) 0.008
Dietary cholesterol, mg 242 (128) 174 (124)* 209 (130)*° <0.0001
Protein, % 17.5 (4.3) 14.0 (3.5)* 18.5 (3.1)*° <0.0001
Carbohydrate, % 49.8 (7.7) 55.1(7.9)* 52.3 (8.4)*° <0.0001
Fiber, g 22.0 (12.2) 22.6 (14.5) 21.0 (13.8)*° 0.02
Sodium, mg 2665 (1273) 2239 (973) 2357 (1189)* <0.0001
Calcium, mg 1009 (769) 437 (249)* 1411 (398)*° <0.0001
Vitamin D, ug 7.7 (6.0) 3.7 (4.7) 8.3 (5.5)*° <0.0001

' Values are medians (IQR). n = 108 for the USUAL intakes (i.e. measured at screening) as
dietary data for 4 participants were excluded because of non-plausible energy intakes (<
2092 or > 14 644 kJ [< 500 or > 3500 kcal] in women and < 3347 or > 17 573 kJ [< 800 or
> 4200 kcal] in men); n =106 in the CONTROL diet as dietary data from the FFQ were
missing for 3 participants and 3 participants were excluded because of non-plausible energy
intakes; n = 104 in the DAIRY diet as dietary data were missing for 6 participants and 2

participants were excluded because of non-plausible energy intakes.

2 P values for differences between measurements, as determined by the Friedman test.
Pairwise comparisons were performed using rank transformation of the data followed by
the general linear model procedure and the Tukey adjustment for multiple comparisons. * =
significantly different from USUAL (P < 0.05); ® = significantly different from CONTROL
(P <0.05).
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SUPPLEMENTAL TABLE 3. Nutritional intakes during the CONTROL and DAIRY
dietary interventions in men and women with low grade inflammation after exclusion of

foods provided to participants during each phase!

CONTROL DAIRY P?
Food groups, servings/d
Dairy products 0.0 (0.3) 0.1(0.2) 0.72
Fruits and vegetables 4.8 (4.2) 5.5(.1) 0.0003
Fruits 1.6 (2.2) 2.4 (3.0) 0.0002
Vegetables 2.7 (2.8) 2.7 (3.0) 0.10
Grain products 3.7 (2.8) 4.1 (2.5) 0.28
Meat and alternatives 2.0 (1.6) 1.9 (1.8) 0.69
Animal protein 1.5(1.2) 1.5(1.2) 0.17
Vegetable protein 0.3 (0.6) 0.4 (0.6) 0.11
Nutrient
Energy, kJ 5237 (3117) 5903 (2974) 0.009
Alcohol, % 0.9(24) 0.9 (24) 0.17
Lipids, % 32.8(8.3) 30.8 (8.1) 0.48
SFA, % 8.0 (2.6) 8.1(2.5) 0.36
MUFA, % 13.9 (5.2) 12.8 (4.2) 0.15
PUFA, % 6.9 (2.3) 6.7 (2.3) 0.54
TFA, % 1.2 (0.7) 1.2 (0.6) 0.76
Dietary cholesterol, mg 164 (126) 161 (120) 0.26
Protein, % 16.2 (4.1) 15.4 (3.6) 0.01
Carbohydrate, % 51.3(10.3) 53.9(10.9) 0.03
Fiber, g 18.4 (13.4) 20.4 (13.6) 0.06
Sodium, mg 1652 (914) 1845 (1187) 0.051
Calcium, mg 343 (208) 373 (236) 0.09
Vitamin D, ug 3.7(4.7) 2.8(4.3) 0.26

' Values are medians (IQR). Data represent nutritional intakes without the contribution of
fruit juice, vegetable juice, nuts and cookies during the CONTROL diet and without the
contribution of milk, yogurt and cheese during the DAIRY diet. » =106 in the CONTROL
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diet as dietary data from the FFQ were missing for 3 participants and 3 participants were
excluded because of non-plausible energy intakes (< 2092 or > 14 644 kJ [< 500 or > 3500
kcal] in women and < 3347 or > 17 573 kJ [< 800 or > 4200 kcal] in men); n = 104 in the
DAIRY diet as dietary data were missing for 6 participants and 2 participants were

excluded because of non-plausible energy intakes.

2 P values obtained by the Wilcoxon matched-pairs signed-rank test.
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SUPPLEMENTAL TABLE 4. Mean fold change in expression levels of key
inflammatory genes and transcription factors after the DAIRY compared with the

CONTROL diet in a random subset of 53 men and women with low grade inflammation!

Genes Fold change P?
(DAIRY vs. CONTROL)?

IL18 1.09 0.20
ILIB 1.04 0.34
NFKBI 1.05 0.12
PPARA 1.04 0.46
SREBF?2 1.05 0.36
TNF 1.00 0.98
TRAF3 1.05 0.32

' G6PD, glucose-6-phosphate dehydrogenase; ILI8, interleukin 18; ILIB, interleukin 1-
beta; NFKBI, nuclear factor kappa-B subunit 1; PPARA, peroxisome proliferator-activated
receptor alpha; SREBF?2, sterol regulatory element binding transcription factor 2; TNF,

tumor necrosis factor; TRAF3, TNF receptor-associated factor 3

2 Values are fold change in gene expression calculated using the 224 method, i.e. 2"(mean
ACt from the DAIRY diet — mean ACt from the CONTROL diet). ACt were calculated as
Ct values of a selected target gene — Ct values of the internal control gene G6PD. Ct values
used in the formula consisted of the mean of the triplicates’ individual Ct values, unless the
SD of a triplicate was > 0.5, in which case the outlier value was excluded from the

calculation of the mean.

3 P values for between-diet effects, as determined by MIXED models performed on post-
diet gene expression levels normalized to the expression of the reference gene G6PD.
Adjustment for potential covariates including sex, age, and study center did not change the

results.
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diets.
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CHAPITRE 10 : ETUDE DE L’IMPACT DES PRODUITS
LAITIERS SUR L’ INFLAMMATION - CONCLUSION

Ce deuxiéme volet de mon projet de doctorat visait globalement a faire la lumiére sur la
controverse entourant I’impact de la consommation de produits laitiers sur 1’inflammation.
Comme I’indique la conclusion du chapitre précédent, deux principaux constats dérivent de
notre revue systématique des études d’intervention nutritionnelle randomisées contrdlées et
du projet PLI : 1) Il n’est pas possible de déterminer, a I’heure actuelle, si la consommation
de produits laitiers exerce des effets bénéfiques sur le profil inflammatoire d’individus
principalement en surpoids ou obéses, donc davantage «a risque» d’inflammation
chronique de faible intensité ; 2) Il est cependant tout a fait possible de conclure que la
consommation de produits laitiers dans le cadre d’une alimentation saine n’exerce aucun

effet néfaste sur le profil inflammatoire de ces individus.

En plus des nombreux éléments de discussion qui ont déja été soulevés aux chapitres 8 et 9,
d’autres facteurs sont a prendre en considération en lien avec la revue systématique et/ou le
projet PLI. Premiérement, prenons connaissance d’une limite inhérente a la revue
systématique elle-méme. Méme si notre recherche dans la littérature scientifique a été
soigneusement effectuée a deux reprises, par deux personnes différentes, en utilisant des
critéres bien définis et en s’attardant a trois bases de données (PubMed, Embase et
Cochrane Library), il est possible que nous n’ayons pas pu identifier toutes les études
pertinentes sur le sujet. D’ailleurs, 1’étude de Van Loan et al. (207), dont il fut question
dans la discussion des résultats du projet PLI au chapitre 9, aurait trés bien pu se qualifier
pour faire partie de la revue systématique. Cette étude a été publiée en 2011. Cependant, la
stratégie de recherche utilisée n’avait pas permis de 1’identifier en avril ou en juin 2012 et
nous 1’avons donc découverte « par hasard » sur PubMed apres coup. Il est tout de méme
intéressant de noter que nos conclusions de la revue systématique seraient demeurées les

mémes si cette étude avait été incluse dés le départ.

Deuxiémement, nos constats ci-haut demeurent une fois de plus les mémes si nous prenons
en considération les résultats des études d’intervention nutritionnelle randomisées

contrdlées qui ont été publiées depuis la réalisation de la revue systématique (208, 209).
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Bri¢évement, dans le cadre d’une étude congue selon un devis en parallele, Jones ef al. (208)
ont comparé I’impact d’une diéte riche en produits laitiers faibles en maticres grasses (3 a 4
portions/jour de lait ou de yogourt a 0 ou 1% de M.G., combinées a un supplément de 350
mg de calcium) et d’une di¢te témoin (1 portion/jour de produits laitiers similaires, sans le
supplément de calcium) sur différents biomarqueurs pro-inflammatoires chez 49 individus
en surpoids ou obéses. Aucune différence significative n’a été observée dans les
concentrations de I’'IL-1p, de I’'IL-6, de MCP-1 ou de TNF-a a I’intérieur de chacune des
dietes (variations « post- moins pré-diete ») ou entre celles-ci. Par contre, comme pour la
plupart des études sur le sujet, I’inflammation n’était pas la mesure principale de cette
¢tude. D’un point de vue davantage « métabolique/mécanistique », nous avons récemment
découvert qu’une autre étude que PLI et que celle de Van Loan et al. (207) a aussi évalué
I’expression de geénes inflammatoires en réponse a la consommation de produits laitiers. En
utilisant un devis en paralléle, Serra et al. (209) ont démontré que 1’expression de génes
pro-inflammatoires incluant le TNF-a, I’'[L-1B et I’IL-6 dans le muscle squelettique ne
différait pas suite a la consommation de 3 portions/jour de lait réduit en matiéres grasses
(pourcentage non spécifi¢) comparativement a la consommation de 3 portions/jour de

boisson de soya a la vanille pendant 28 jours chez 31 femmes post-ménopausées.

Troisiémement, il importe d’insister sur le fait que les résultats de la revue systématique ne
peuvent pas étre généralisés aux populations de poids normal puisque toutes les études
incluses ont été réalisées chez des individus en surpoids ou obéses. C’est aussi le cas dans
les études de Van Loan et al. (207) et Jones et al. (208). Dans I’étude de Serra et al. (209),
I’IMC pouvait varier entre 19 et 35 kg/m? mais les femmes étaient tout de méme
globalement en situation de surpoids (moyennes + écart type de 26,3 + 4,0 et 25,4 + 4,1
kg/m? dans les groupes « lait » et « boisson de soya », respectivement). De fagon similaire,
dans le projet PLI, I'IMC des participants variait entre un poids insuffisant (17,4 kg/m?) et
’obésité de classe 11 (36,3 kg/m?). Cependant, en tant que groupe, les participants étaient
en léger surpoids (moyenne de 25,8 + 4,3 kg/m?). Méme si les études actuelles ne peuvent
pas s’appliquer aux individus de poids normal, il semble peu probable que la
consommation de produits laitiers ait un impact significatif sur les processus

inflammatoires chez ceux-ci puisqu’ils sont normalement moins prédisposés que les
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individus en surpoids ou obeses a présenter un profil pro-inflammatoire (voir section 1.2 du

chapitre 1).

Quatriemement, je rappelle qu'un des buts du projet PLI était d’évaluer la consommation
de produits laitiers dans un contexte reflétant le plus possible la vie réelle en combinant a la
fois des produits laitiers faibles et riches en matiéres grasses. Pour le futur, il serait malgré
tout intéressant de vérifier les effets sur I’inflammation de produits laitiers faibles en
maticres grasses comparativement a des produits laitiers riches en matieéres grasses ainsi
que comparativement a des produits témoins a 1’intérieur d’'une méme étude et idéalement
selon un devis en chassé-croisé, ou chaque participant est comparé a lui-méme. Ceci
permettrait entre autres d’obtenir des réponses quant a I’impact des produits laitiers riches
en mati€res grasses sur I’inflammation, car aucune des études d’intervention dont il a été
question précédemment ne s’est spécifiquement attardée a ce type de produits laitiers. I est
intéressant de noter qu’une récente étude en chassé-croisé de Nestel ef al. (210) a démontré
que la consommation a court terme (3 semaines) de produits laitiers riches en maticres
grasses fermentés (yogourt riche en M.G. et fromage cheddar) ou non fermentés (beurre,
créme, creme glacée) n’avait globalement pas d’impact sur le profil inflammatoire (hs-
CRP, MCP-1, IL-1, IL-6, TNF-a) comparativement a la consommation de produits laitiers
faibles en maticres grasses (lait écrémé et yogourt 1%). Toutefois, cette étude incluait peu
de sujets (n = 12) et ne comprenait pas de di¢te témoin contenant peu ou pas de produits

laitiers, ce qui limite la portée des résultats.

Cinquiémement, pour faire suite au paragraphe précédent, on doit garder en téte que le
choix d’une di¢te témoin adéquate représente toujours un défi dans les études
d’intervention nutritionnelle sur les produits laitiers. Il est trés rarement possible de tester
des produits témoins similaires aux produits laitiers, mais sans les ingrédients actifs,
particuliérement dans des situations comme celle du projet PLI ou 1’on vise a refléter la vie
réelle. Ceci explique potentiellement pourquoi les interventions « témoins » différent

grandement entre les études d’intervention dont il a été question jusqu’a maintenant.

Sixiémement, il faut retenir que I’absence d’effets néfastes de la consommation de produits
laitiers sur I’inflammation tel que suggéré par les études actuelles sur le sujet ne s’applique

pas nécessairement aux individus souffrant d’inflammation chronique dite « franche »
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(maladies inflammatoires chroniques comme [’arthrite rhumatoide ou les maladies
inflammatoires de I’intestin) (voir section 1.1 du chapitre 1). En effet, le but poursuivi dans
le présent volet de mon projet de doctorat était seulement de mettre 1’accent sur les études
conduites dans le contexte de I’inflammation chronique de faible intensité reliée au risque
cardiovasculaire, et non pas de s’attarder aux conditions reliées a 1’inflammation chronique

d’intensité plus élevée.

Pour terminer, bien qu’on ne puisse pas dire actuellement si les produits laitiers exercent un
impact tout simplement neutre ou bien bénéfique sur I’inflammation, il est intéressant de
noter que les études qui ont mis I’accent sur des nutriments spécifiques contenus dans les
produits laitiers semblent supporter la présence d’effets anti-inflammatoires. Tel que
souligné brieévement dans la discussion de I’article au chapitre 8, ces nutriments incluent le

calcium (211, 212), la vitamine D (213) et certains peptides bioactifs (3, 214).

En somme, le volet « Impact des produits laitiers sur I’inflammation » de mon projet de
doctorat représente, a mon avis, une de mes meilleures contributions en recherche a I’heure
actuelle. J’ai la conviction que mes travaux peuvent servir de guide pour 1’élaboration de
futures études sur le sujet. Des études d’intervention nutritionnelle randomisées controlées
additionnelles sont sans aucun doute nécessaires pour déterminer les effets précis des
produits laitiers sur I’inflammation, que ce soit en termes de consommation totale, de
produits faibles en matieres grasses, de produits riches en matiéres grasses ou bien de
produits individuels (lait / yogourt / fromage). Malgré tout, les évidences actuelles tendent
vers I’absence d’effets néfastes dans le cadre d’une alimentation saine chez des individus
en surpoids ou obeses. Ceci souléve la possibilité de relayer au statut de mythe la croyance
populaire comme quoi les produits laitiers seraient des aliments pro-inflammatoires. Il
s’agit d’une bonne nouvelle considérant que ces aliments de grande valeur nutritive sont
plus ou moins bien vus aux yeux de la population générale, ce qui se refléte dans un faible
taux de consommation chez les Canadiens. Par exemple, seulement 28% des femmes et
35% des hommes de 31 a 50 ans consommeraient suffisamment de produits laitiers chaque

jour (215).
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CHAPITRE 11 : ETUDE DE L’IMPACT DES ACIDES GRAS
ALIMENTAIRES SUR L’ INFLAMMATION -
PROBLEMATIQUE

Il a été introduit au chapitre 1 (section 1.5.2) que des nutriments particulierement d’intérét
en lien avec l’inflammation sont les acides gras alimentaires, a cause de leur potentiel
d’activation ou d’inhibition de certains processus inflammatoires. Toutefois, la littérature
scientifique sur le sujet est relativement vaste et complexe. La mise en commun des
résultats des études épidémiologiques, cliniques et mécanistiques séme parfois la confusion
quant aux effets de différents acides gras sur les processus pro- et anti-inflammatoires, sans
compter que plusieurs questions clés demeurent non résolues. Avant d’introduire les
travaux réalisés dans le cadre du troisiéme et dernier volet de mon projet de doctorat, voici
un survol de la littérature actuelle sur le sujet des acides gras et de I’inflammation. Notez
que je discuterai davantage des acides gras oméga-3 d’origine marine, puisqu’ils sont ceux
ayant recu le plus d’attention en lien avec I’inflammation dans la communauté scientifique

ainsi que dans les travaux du présent volet.
11.1 Acides gras alimentaires et inflammation : état des connaissances
11.1.1 Acides gras saturés et trans

Dans leur vaste revue de la littérature sur 1’alimentation et I’inflammation publiée en 2011,
Calder et al. (3) suggeérent assez explicitement, sur la base d’études de nature
observationnelle, clinique et mécanistique, que la consommation d’AGS et d’AGT est
associée a des effets pro-inflammatoires. Cependant, en jetant un coup d’ceil un peu plus
approfondi a la littérature scientifique, on se rend compte que les AGS et les AGT ne sont
peut-étre pas aussi clairement associés a des effets pro-inflammatoires que Calder ef al. (3)

le prétendent.

En effet, une récente revue systématique de la littérature suggere la présence d’une
association potentiellement positive entre les AGS et la hs-CRP, mais pas d’association
avec les cytokines (IL-6, TNF-a) ni les adipokines (dont fait partie 1’adiponectine) (216).

Méme s’il faut reconnaitre que 12 des 15 études incluses dans cette revue systématique
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¢taient de nature transversale, ce qui peut limiter la portée des résultats, il semble qu’une
association positive entre les AGS et I’inflammation ne soit pas observée « hors de tout

doute ».

Du coté des AGT, certaines études d’intervention (217-220), mais pas toutes (221-225), ont
rapporté¢ que leur consommation entrainait des effets pro-inflammatoires. Ce constat peut
donc nous amener a se questionner concernant quelles caractéristiques (ex : état de santé
des sujets, doses d’AGT, sources d’AGT naturelles ou industrielles, biomarqueurs
inflammatoires évalués, puissance statistique de 1’étude) influencent les résultats des études
en question. Puisque les AGS et les AGT n’ont pas spécifiquement fait I’objet de mes

travaux, je n’en discuterai pas davantage dans le présent chapitre.
11.1.2 Acides gras monoinsaturés

Le principal acide gras de la famille des AGMI est I’acide oléique (OA, « oleic acid »,
C18:1 n-9), retrouvé principalement dans les produits d’origine végétale comme les huiles

d’olive et de canola, les noix (amandes, pacanes) et les avocats.

Une étude transversale réalisée chez 3017 hommes et femmes japonais a démontré que les
apports en acide oléique tels que mesurés par un questionnaire sur 1’histoire alimentaire
¢taient inversement associés a la hs-CRP aprés ajustement pour diverses variables
potentiellement confondantes (age, IMC, tabagisme, etc.), particulie¢rement lorsque les

individus se situaient dans le tertile intermédiaire des apports en EPA et DHA (226).

En ce qui concerne les études d’intervention, 1’isolement des effets des AGMlI/acide
oléique sur I’inflammation est parfois difficile considérant qu’ils sont souvent étudiés dans
le cadre de la consommation d’aliments spécifiques (ex : amandes (227)) ou de diétes
particulieres (ex : dietes méditerranéennes riches en huile olive (228, 229)). Ainsi, les effets
anti-inflammatoires observés dans ces études peuvent éEtre attribuables, du moins
partiellement, & d’autres facteurs nutritionnels entrant dans la composition des aliments ou
dictes évalués (ex : composés phénoliques dans 1’huile d’olive extra-vierge (230)) plutot

qu’aux AGML

196



De ce fait, il est intéressant de noter qu’une revue systématique et méta-analyse d’études
randomisées contrdlées a démontré que la consommation de dictes enrichies en AGMI (>
12% de 1’énergie) n’avait aucun impact sur la hs-CRP (-0,07 mg/dL ; IC 95% : -0,41 a
0,27) comparativement a des dietes faibles en AGMI (< 12% de 1’énergie ; soit des dictes
faibles en gras [< 30% de I’énergie en lipides totaux], des dietes avec un indice glycémique
faible ou ¢élevé ou encore des dictes avec un contenu élevé en protéines) (231). Les calculs
réalisés étaient basés sur 5 études congues selon un devis en paralléle d’une durée de plus
de 6 mois. Dans le méme ordre d’idées, des études d’intervention de durée plus courte,
mais réalisées selon un devis chassé-croisé, n’ont observé aucune différence dans les
concentrations de biomarqueurs inflammatoires incluant la hs-CRP, I’IL-6 et/ou
I’adiponectine en comparant des dictes riches en AGMI (= 19% de I’énergie) a des dictes
qualifiées en tant que typiquement « américaines », riches en AGS, riches en AGPI ou bien

riches en glucides (232-234).

Contrairement aux études sur les biomarqueurs inflammatoires circulants, les études de
nature mécanistique tendent beaucoup plus vers I’observation d’effets anti-inflammatoires
suite a la consommation d’AGMI. Des études dans des modeles animaux et cellulaires
suggerent que les AGMI/acide oléique pourraient diminuer la sécrétion d’IL-6 et augmenter
I’expression du geéne de ’adiponectine dans les adipocytes (235, 236). En accord avec ces
résultats, une étude d’intervention en parallele réalisée chez 20 individus avec obésité
abdominale a permis de démontrer que la consommation d’une di¢te enrichie en AGMI
(20% de 1’énergie ; AGS = 11%) induisait un profil général d’expression de génes
davantage anti-inflammatoire dans le tissu adipeux sous-cutané comparativement a une
diete riche en AGS (19% de I’énergie ; AGMI = 11%) (237). En somme, on doit retenir que
les effets exercés par les AGMI sur I’inflammation semblent différer selon le type

d’approche expérimentale utilisé et qu’ils ne peuvent pas toujours étre isolés.
11.1.3 Acides gras polyinsaturés oméga-6

L’AGPI le plus abondant dans 1’alimentation est 1’acide linoléique (LA, « linoleic acid »,
C18:2 n-6), un acide gras essentiel retrouvé principalement dans les huiles végétales (ex :
huiles de tournesol, de carthame, de mais, de canola et de soya) ainsi que dans les noix et

les graines (ex : noix de pin, noix de Grenoble, graines de tournesol).
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D’un point de vue strictement mécanistique, 1’acide linoléique apparait comme un acide
gras pro-inflammatoire. En effet, cet acide gras partage la méme voie métabolique qu’un
autre acide gras essentiel, I’acide alpha-linolénique (ALA, « alpha-linolenic acid », C18:3
n-3), le précurseur de la famille des oméga-3 (238) (Figure 11.1). L’acide linoléique peut
donc entrer en compétition avec I’ALA pour I’enzyme A-6 désaturase, aussi connue sous le
nom de FADS2 («fatty acid desaturase 2 ») (239). Cette compétition limiterait la
conversion de ’ALA en acide gras oméga-3 a plus longue chaine et, subséquemment, la

formation d’eicosanoides anti-inflammatoires (prostaglandines et thromboxanes de série 3
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Figure 11.1 : Illustration du métabolisme des acides gras polyinsaturés oméga-6 et
oméga-3 a partir des acides gras essentiels respectifs a chacune de ces familles d’acides
gras, soit I’acide linoléique et 1’acide alpha-linolénique. Figure reproduite avec la
permission de Elsevier, provenant de la publication par Yuriko Adkins et Darshan S.
Kelley. Mechanisms underlying the cardioprotective effects of omega-3 polyunsaturated
fatty acids. J Nutr Biochem. Septembre 2010, Volume 21, Issue 9, Pages 781-792.
http://dx.doi.org/10.1016/j.jnutbio.2009.12.004. Copyright 2010 Elsevier Inc.
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et leucotrienes de série 5) ainsi que de médiateurs lipidiques pro-résolutifs (résolvines,
protectines) (238, 240) (Figure 11.1). D’autre part, ’acide linoléique est le précurseur de
I’acide arachidonique (AA, « arachidonic acid », C20:4 n-6), qui a son tour sert de substrat
pour les enzymes cyclooxygénases et lipoxygénases menant a la production d’eicosanoides
pro-inflammatoires (prostaglandines et thromboxanes de série 2 et leucotrienes de série 4)
(238, 239). Toutefois, il est de plus en plus reconnu que I’AA et ses dérivés pourraient
¢galement exercer des effets anti-inflammatoires (238, 241). Entre autres, les
prostaglandines E2 pourraient inhiber la production de TNF-o et de I'IL-1B dans les

monocytes et les macrophages (242).

En ce sens, plutot que de rapporter des associations positives, plusieurs études
observationnelles supportent la présence d’associations inverses ou bien nulles entre les
apports alimentaires ou les concentrations plasmatiques d’acide linoléique et
I’inflammation (243-246). Dans le méme ordre d’idées, une récente revue systématique
regroupant 15 études d’intervention randomisées controlées suggere que des apports
augmentés en acide linoléique, comparativement a une diéte témoin, n’auraient pas d’effet
sur les concentrations de différents biomarqueurs inflammatoires (hs-CRP, fibrinogene,
inhibiteur de I’activateur du plasminogéne 1 [PAI-1], cytokines) chez les individus en santé
agés de plus d’un an (247). 1l est intéressant de noter que dans les ¢tudes d’intervention
retenues, le seul acide gras autre que l’acide linoléique qui pouvait différer de fagon
substantielle entre les dictes expérimentales et « témoins » était I’acide oléique. Aucune des
études incluses n’a rapporté de résultats concernant I’adiponectine tandis qu’elle faisait
partie des termes de recherche utilisés lors de la réalisation de la revue systématique. Les
auteurs soulignent par ailleurs que des études additionnelles seront nécessaires pour
confirmer leurs observations, entre autres avec de plus grands échantillons de participants.
Les 15 études retenues comprenaient en effet un petit nombre de sujets (nombre maximum
ayant complété I’intervention < 60), ce qui limite la puissance statistique particuliérement

en ce qui concerne les études congues selon un devis en parallele.

Ensuite, peu d’études semblent s’étre intéressées a I’expression de génes impliqués dans les
processus inflammatoires en réponse a la consommation d’oméga-6 chez 1’humain.

Brievement, une étude randomisée en parallele de Bjermo et al. (248) a démontré que
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I’expression du facteur de transcription PPAR-y (« peroxisome proliferator-activated
receptor gamma »), de MCP-1, de I’adiponectine, de TNF-a et de I'IL-6 dans le tissu
adipeux sous-cutané ne différait pas suite a la consommation d’une di¢te enrichie en acide
linoléique (15% de 1’énergie) comparativement a une dicte riche en AGS (beurre) durant 10

semaines chez 67 sujets avec obésité abdominale.
11.1.4. Acides gras polyinsaturés oméga-3 d’origine végétale

L’ALA est un oméga-3 de source végétale provenant principalement des huiles de lin et de
canola, des graines de lin, des graines de chia et des noix de Grenoble. Les évidences de
nature observationnelle suggérent la présence d’une association inverse entre les apports en
ALA et les concentrations sanguines de biomarqueurs inflammatoires, dont principalement

la hs-CRP (226, 245, 249, 250).

Du c6té des études d’intervention nutritionnelle, les résultats relatifs a 1’adiponectine ainsi
qu’aux biomarqueurs pro-inflammatoires sont globalement non concluants (251-255). En
effet, une étude chez des hommes hypercholestérolémiques et une autre chez des hommes
et des femmes en santé ont démontré que les concentrations d’adiponectine n’étaient pas
influencées par la consommation d’une di¢te riche en ALA (environ 8 g/jour)
comparativement a la consommation d’une di¢te « t€émoin » riche en acide oléique ou riche
en acide linoléique (251, 252). Malgré tout, dans 1’étude réalisée chez les sujets en santé
(251), ’augmentation des concentrations érythrocytaires d’ALA corrélait positivement
avec ’augmentation des concentrations sériques d’adiponectine lors de la consommation de
la di¢te enrichie en ALA (» = 0,34 ; P = 0,007). A I’opposé, chez des adultes avec obésité
abdominale, il a ét¢ démontré qu’une supplémentation en ALA (11 g/jour) sous forme de
capsules d’huile de lin entrainait une réduction des concentrations d’adiponectine,

indépendamment de polymorphismes dans le géne de ’adiponectine (253).

Dans le cas des biomarqueurs pro-inflammatoires, méme si les résultats sont globalement
contradictoires (254, 255), on constate que certaines tendances semblent vouloir se dessiner
quant a I’efficacité des interventions avec I’ALA. Parmi un certain nombre d’études ayant
évalué la production de cytokines par les cellules immunitaires sanguines telles que les

PBMC (256-260), seulement celles dans lesquelles des doses d’ALA d’au moins 13,7
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g/jour ont été¢ fournies aux participants ont rapporté des effets anti-inflammatoires
significatifs (256, 257). Dans le méme ordre d’idées, la consommation d’ALA a des doses
de 5 g/jour ou plus entrainerait, chez les individus dyslipidémiques, une réduction des
concentrations circulantes de la hs-CRP et de I’IL-6 comparativement a la consommation
d’une dicte « témoin » ayant un faible contenu en ALA (di¢te « américaine » ou riche en
acide linoléique, dépendamment de 1’étude) (261-265). Au contraire, une supplémentation
modérée en ALA correspondant a 3,8 g/jour n’aurait aucun effet sur les concentrations

circulantes de la hs-CRP et de I’IL-6 chez les individus dyslipidémiques (266).

Certaines évidences suggerent plutdt que les effets anti-inflammatoires de I’ALA pourraient
davantage dépendre du statut inflammatoire initial des participants que de la dose d’ALA
consommeée. Sur la base d’une hypothése soulevée pour la premicre fois en 2007 par
Nelson et al. (267), il semble que I’ALA, peu importe la dose consommée (= 1 g/jour
jusqu’a 11,6 g/jour, dépendamment de 1’étude), n’influencerait pas le profil inflammatoire
(hs-CRP, IL-6, TNF-a, SAA et/ou MCP-1) lorsque les participants présentent des
concentrations initiales de biomarqueurs pro-inflammatoires « relativement faibles » (232,
251, 267-269). De telles concentrations initiales correspondraient, de fagon plus précise, a
des valeurs moyennes de la hs-CRP en-dessous de 3 mg/L et a des valeurs moyennes de
I’IL-6 en-dessous de 2 pg/mL. Ce constat s’appliquerait peu importe les caractéristiques des
individus, c’est-a-dire autant chez de jeunes hommes et femmes en santé et de poids normal
(251, 268) que chez des sujets avec obésité abdominale (267), hypercholestérolémiques
(232) ou bien atteints du syndrome métabolique (269).

Les caractéristiques de la di¢te sous-jacente (« background diet ») pourraient également
influencer ’efficacité des interventions avec I’ALA. Par exemple, une supplémentation en
ALA entrainerait des réductions plus prononcées de la hs-CRP, de I'IL-6 et de la SAA
lorsque 1’alimentation sous-jacente est riche en AGS et pauvre en AGMI comparativement

a I’inverse (alimentation pauvre en AGS et riche en AGMI) (265).

D’un point de vue mécanistique, une étude in vitro a montré une diminution de I’expression
des genes IL-6, IL-1B et TNF-a lorsque des monocytes humains étaient incubés avec de
I’ALA comparativement a de I’acide palmitique (270). A ma connaissance, les seules

¢tudes récentes ayant évalué I’expression de genes inflammatoires in vivo en réponse a la
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consommation d’ALA dans différents tissus ont été réalisées dans des modéles animaux

(rat, souris, chien) (271-273) plutdt que chez I’humain.

En somme, les facteurs qui influencent possiblement 1’efficacité des interventions avec
I’ALA sur le profil inflammatoire devront étre confirmés dans de futures études. Il
s’avererait aussi pertinent de combler les lacunes dans les connaissances scientifiques
actuelles quant a I’impact de ’ALA sur ’expression de genes inflammatoires in vivo chez

I’humain.
11.1.5 Acides gras polyinsaturés oméga-3 d’origine marine

Tel que souligné dans I’introduction de I’article scientifique constituant le chapitre 4 (étude
chez les Cris de la Baie-James), de nombreuses études de nature transversale ont observé
que des apports augmentés en acides gras oméga-3 d’origine marine (EPA, DHA) ou en

poisson étaient associés a un profil inflammatoire davantage favorable (243, 249, 274-280).

Du c6té des études d’intervention nutritionnelle, les résultats différent dépendamment du
type de biomarqueurs inflammatoires évalué¢ (biomarqueurs circulants anti- ou pro-
inflammatoires). D’abord, les résultats semblent assez prometteurs en ce qui concerne
I’adiponectine. Gray et al. (17) suggérent, dans revue non-systématique des études réalisées
chez I’animal (rongeurs) et chez I’humain, que la consommation d’oméga-3 d’origine
marine engendre clairement une augmentation des concentrations d’adiponectine. Les effets
seraient particulierement notables lorsque la dose d’oméga-3 dépasse 1 g/jour (17). En
accord avec Gray et al. (17), une récente méta-analyse de 14 études d’intervention
randomisées controlées a démontré que la supplémentation en huile de poisson (dose
médiane de 1,3 g/jour et durée médiane de 8 semaines) augmentait modérément, mais
significativement les concentrations d’adiponectine (0,37 pg/mL, IC 95% : 0,07 a 0,67)
(281). Toutefois, une grande hétérogénéité était présente entre les études incluses dans la
méta-analyse. D’apres les auteurs, cela signifie que la supplémentation en huile de poisson
pourrait étre davantage efficace dans certaines populations comparativement a d’autres. Les

auteurs ne sont toutefois pas parvenus a identifier les facteurs d’influence potentiels.
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Ensuite, plusieurs revues de la littérature publiées au cours des derniéres années se sont
attardées aux biomarqueurs pro-inflammatoires (206, 255, 282, 283). Ces revues de la
littérature, systématiques ou non, incluaient majoritairement des études d’intervention
nutritionnelle randomisées controlées. Leur principal constat est qu’aucune conclusion
ferme ne peut €tre émise concernant I’impact des oméga-3 d’origine marine sur les
concentrations sanguines de biomarqueurs pro-inflammatoires. Par exemple, Myhrstad et
al. (206) ont indiqué qu’autant chez les sujets en santé, chez ceux a haut risque de MCV,
que chez ceux atteints de MCV, au moins la moiti¢ des interventions avec des oméga-3
d’origine marine (sous forme d’huile de poisson ou de poisson) n’ont engendré aucun
changement significatif dans les concentrations sanguines de biomarqueurs inflammatoires
comparativement a la consommation de produits alimentaires « témoins » (majoritairement
des huiles de tournesol, d’olive et de mais). Robinson et Mazurak (255) soulignent par
ailleurs que des études partageant plusieurs similitudes (ex : devis, dose d’oméga-3 et durée

d’intervention similaires) donnent parfois des résultats divergents.

Malgré les résultats contradictoires des études d’intervention qui ont spécifiquement étudié
les concentrations circulantes de biomarqueurs pro-inflammatoires, d’autres études
d’intervention ont montré une réduction de la production ex vivo de cytokines pro-
inflammatoires (TNF-a, IL-6, IL-1B) par les cellules immunitaires sanguines de sujets en

santé suite a la consommation de plus de 2 g/jour d’EPA et de DHA (256, 284-289).

Des revues de la littérature combinant les résultats d’études de nature mécanistique
suggerent également que les oméga-3 d’origine marine exerceraient clairement des effets
anti-inflammatoires et pro-résolutifs par des mécanismes d’action directs et indirects (238,
240, 290, 291). Par exemple, dans les adipocytes et les macrophages, I’EPA et le DHA
agiraient directement comme ligands endogeénes de récepteurs nucléaires aux propriétés
anti-inflammatoires tels que PPAR-a et PPAR-y (292). De facon indirecte, tel que présenté
précédemment a la figure 11.1, I’EPA et le DHA serviraient de substrats pour la formation
d’eicosanoides anti-inflammatoires (séries 3 et 5) et de médiateurs lipidiques pro-résolutifs

(résolvines, protectines, marésines) (238, 240, 290).

L’étude des mécanismes responsables des variations dans les concentrations sanguines de

biomarqueurs inflammatoires suite a la consommation d’oméga-3 d’origine marine ne
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saurait toutefois €tre compléte sans la prise en compte des études sur I’expression de genes
inflammatoires in vivo chez I’humain. D’ailleurs, les travaux réalisés dans le cadre du volet
« Impact des acides gras alimentaires sur I’inflammation » de mon projet de doctorat
comprennent tous la mesure de 1’expression de génes inflammatoires en lien, du moins en
partie, avec la consommation d’oméga-3 d’origine marine. Pour cette raison, j’ai prévu une

sous-section distincte afin de traiter des connaissances actuelles sur le sujet.

Expression de geénes inflammatoires in vivo dans différents tissus en réponse a la

consommation d’oméga-3 d’origine marine

Un certain nombre d’études chez I’humain se sont attardées a I’expression de génes
inflammatoires dans le sang, particuliecrement dans les PBMC, suite a la consommation
d’oméga-3 d’origine marine. Les résultats de ces études, de fagcon similaire aux études
ayant évalué les biomarqueurs inflammatoires circulants, semblent globalement non
concluants (293-297). Parmi les études n’ayant montré aucun effet significatif sur
I’expression de genes pro-inflammatoires tels que le TNF-a, I’'IL-1p et I’IL-6 (296, 297), de
Mello et al. (297) ont mentionné que la prise concomitante de statines par leurs participants
avant et méme pendant I’intervention avec des oméga-3 puisse expliquer le fait qu’ils
n’aient observé aucun changement. En effet, il a déja été démontré que les statines
diminuent 1’expression de I’IL-1B dans les PBMC (298). Parmi les études ayant démontré
des effets bénéfiques significatifs sur ’expression de génes impliqués dans les processus
inflammatoires (293-295), une valant la peine d’étre soulignée est celle de Bouwens et al.
(293). Cette étude suggere en effet que la supplémentation en huile de poisson (1,8 g/jour
d’EPA et de DHA durant 26 semaines) pourrait permettre de détecter des changements
favorables dans D’expression de genes reliés a D’'inflammation (ex: synthése des
eicosanoides et voies de signalisation des interleukines et de NF-kB) en ’absence de
variations significatives dans les concentrations plasmatiques de biomarqueurs

inflammatoires (hs-CRP).

Quelques études se sont plutdt intéressées a I’expression de génes inflammatoires dans le
tissu adipeux, plus particuliérement le tissu adipeux sous-cutané, en réponse a la
consommation d’oméga-3 d’origine marine. Chez 55 sujets sévérement obéses, une

supplémentation de 3,36 g/jour en EPA et DHA durant 8 semaines a influencé
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favorablement I’expression de différents geénes reliés a I’inflammation dans le tissu adipeux
sous-cutané (ex: MCP-1 ; protéine inflammatoire des macrophages la [MIP-1a,
« macrophage inflammatory protein 1o »] ; CD40 [un marqueur des macrophages de type
M1 pro-inflammatoires] ; IL-6 [tendance a P < 0,10] ; adiponectine [tendance a P < 0,10])
comparativement a la consommation de beurre comme témoin (299). Chez 24 sujets en
surpoids ou modérément obéses (IMC entre 28 et 33 kg/m?), des apports en EPA et DHA
équivalant a 1,4 % de I’énergie (= 3,9 g/jour d’apres I’estimation des apports énergétiques
moyens) durant 14 semaines n’a toutefois eu aucun effet sur I’expression de 13 geénes
inflammatoires dont MCP-1, TNF-a, IL-6, SAA et I’adiponectine comparativement a une
dicte ne comprenant pas d’EPA ni de DHA (300). Il est possible que I’observation d’effets
bénéfiques dans la premiere étude comparativement a la seconde soit attribuable a un degré
d’obésité plus sévere chez les participants, mais aussi @ une plus grande puissance
statistique. La premiére étude était spécifiquement congue pour mesurer I’expression de
genes inflammatoires dans le tissu adipeux et son nombre de sujets €tait environ 2 fois plus
¢levé que dans la seconde. Chez des femmes postménopausées diabétiques, Kabir et al.
(301) ont indiqué qu’une supplémentation de 3 g/jour en huile de poisson durant 2 mois
n’avait aucun impact sur 1’expression de I’adiponectine, mais réduisait I’expression de
quelques marqueurs des macrophages (CD11b, CD18) dans le tissu adipeux sous-cutané
comparativement a un placebo (huile de paraffine). Toutefois, les données sur 1’expression
des cytokines et des chimiokines les plus connues (IL-6, MCP-1, TNF-a) n’étaient pas
rapportées, ce qui limite les comparaisons avec les autres études. De plus, seulement 7
participantes par groupe expérimental ont ¢été retenues pour 1’analyse de 1’expression de

genes.

Enfin, une avenue relativement nouvelle dans 1’é¢tude des mécanismes inflammatoires en
réponse a la consommation d’oméga-3 d’origine marine est la mesure de 1’expression de
génes inflammatoires dans le tractus gastro-intestinal. Tel que mentionné au chapitre 1,
I’importante contribution du tissu adipeux dans 1’établissement d’un état inflammatoire
chronique de faible intensité est bien établie. Sur la base d’études réalisées dans des
modeles animaux, il est de plus en plus reconnu qu’une autre source de signaux
inflammatoires serait le tractus gastro-intestinal, principalement en réponse a 1’alimentation

riche en lipides (« high-fat diet » incluant une importante proportion d’AGS a longue

205



chaine [C14:0 et plus]) (302, 303). Une consommation ¢levée de maticres grasses induirait
entre autres la production de cytokines incluant le TNF-a et I’'IL-6 par les cellules
immunitaires intestinales de méme que par les entérocytes (304, 305). Dans une revue de la
littérature, Ding et Lund (306) soulignent que ces évidences en émergence dans les études
chez I’animal sont particulierement importantes puisque I’inflammation intestinale causée
par I’alimentation (« diet-induced inflammation ») pourrait précéder le développement de
I’obésité¢ et de la résistance a I’insuline (302, 307, 308). Chez I’humain, de récentes
évidences suggérent également que 1’obésité est associée a la présence d’inflammation
intestinale (309). Ding et Lund (306) indiquent toutefois qu’encore trés peu d’études ont
démontré la présence d’inflammation intestinale chez les individus obéses et qu’elles ont
investigué les concentrations de cytokines pro-inflammatoires ou les profils d’expression
de geénes dans le colon (gros intestin) plutdt que dans I’intestin gréle. En contrepartie, dans
les modéles animaux, I’inflammation intestinale serait davantage notable dans 1’intestin

gréle que dans le colon (306).

Fort possiblement a cause de leur grand potentiel anti-inflammatoire sur le plan
mécanistique (238, 240, 290), certaines études ont évalué¢ la mesure dans laquelle les
oméga-3 d’origine marine pouvaient moduler I’expression de génes impliqués dans
I’inflammation intestinale chez 1’animal. Dans I’intestin gréle de souris, de rats, de méme
que de porcelets, il est suggéré que les oméga-3 d’origine marine pourraient réduire
I’inflammation en régulant a la hausse 1’expression de PPAR-a et de PPAR-y (310, 311),
tout en régulant a la baisse I’expression de génes impliqués dans des voies de signalisation
aux effets pro-inflammatoires comme TLR4, NF-xB et INK (« c-Jun N-terminal kinase »)
(310, 312, 313). Par contre, apparemment aucune étude chez I’humain n’a évalué
I’expression de geénes inflammatoires dans I’intestin gréle en réponse a une intervention

nutritionnelle telle que la consommation d’oméga-3 d’origine marine.

Pour terminer ce survol de la littérature concernant les effets de différents acides gras sur

I’inflammation, voici, a la page suivante, un tableau récapitulatif des pages précédentes.
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Tableau 11.1 : Tableau récapitulatif des effets de différents acides gras sur I’inflammation d’aprées
la littérature scientifique actuelle *

Acides gras

Effets sur ’inflammation

AG saturés et trans

AGMI/
acide oléique

AGPI n-6/
acide linoléique

AGPI n-3
d’origine végétale /
ALA

AGPI n-3
d’origine marine /
EPA et DHA

Selon divers types d’études :

-Effets pro-inflammatoires, qui demeurent a confirmer hors de tout doute
Etudes observationnelles :

-Associations apparemment inverses avec 1’inflammation (1 seule étude
répertoriée)

Etudes d’intervention :

-Résultats non concluants : absence d’effet ou effets anti-inflammatoires
-Impact des AGMI parfois difficile a isoler

Etudes mécanistiques (expression de génes inflammatoires) :

-Effets anti-inflammatoires potentiels, a confirmer chez [’humain
Etudes observationnelles :

-Associations inverses ou nulles avec 1’inflammation

Etudes d’intervention :

-Aucun effet

Etudes mécanistiques :

-Effets apparemment pro-inflammatoires d’un point de vue strictement
mécanistique (métabolisme des AGPI n-6 et n-3)

-Effets méconnus sur I’expression de genes inflammatoires chez 1’humain
Etudes observationnelles :

-Associations inverses avec I’inflammation

Etudes d’intervention :

-Résultats globalement non concluants

-Effets anti-inflammatoires potentiels selon certains facteurs précis (ex : état
inflammatoire initial des participants, di¢te sous-jacente)

Etudes mécanistiques :

-Effets méconnus sur I’expression de génes inflammatoires chez 1’humain
Etudes observationnelles :

-Associations inverses avec 1’inflammation

Etudes d’intervention :

-Augmentation de I’adiponectine circulante

-Résultats non concluants pour les biomarqueurs pro-inflammatoires
circulants

-Réduction de la production ex vivo de cytokines pro-inflammatoires par les
cellules immunitaires sanguines

Etudes mécanistiques :

-Modéles cellulaires et animaux : effets anti-inflammatoires
-Expression de genes inflammatoires in vivo chez I’humain :
->Sang : Résultats non concluants

—>Tissu adipeux : Résultats non concluants

> Tractus gastro-intestinal : Effets méconnus

* Abréviations : AG, acide gras ; AGMI, acide gras monoinsaturé ; AGPI, acide gras polyinsaturé ;
ALA, acide alpha-linolénique ; DHA, acide docosahexaénoique ; EPA, acide eicosapentaénoique.
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11.2. Avant-goiit des travaux réalisés et énoncé des objectifs et hypothéses
11.2.1 Projet COMIT : Canola Oil Multicenter Intervention Trial

Sur la base des informations présentées précédemment, des études d’intervention
nutritionnelle robustes étudiant simultanément les effets de divers acides gras sur les
concentrations circulantes de biomarqueurs inflammatoires ainsi que sur I’expression des
genes inflammatoires dans un contexte d’alimentation contrdlée, ou le « bruit » attribuable
a la dicte sous-jacente est ¢liminé, n’ont pas encore €té réalisées. De telles études s’avérent
sans doute nécessaires afin de mieux caractériser les effets de chaque type d’acide gras sur
le profil inflammatoire sanguin et sur les mécanismes responsables de ses variations. A ce
sujet, nous avons récemment pris part a la réalisation d’un projet de grande envergure, le
projet COMIT (Canola Oil Multicenter Intervention Trial), dont 1’objectif principal était
d’étudier I'impact de diverses formes d’huiles de canola et de lin sur la fonction
endothéliale et les biomarqueurs du risque cardiovasculaire. En d’autres mots, 1’idée
derriere le projet COMIT ¢était de comparer des huiles alimentaires exercant potentiellement
toutes des effets bénéfiques sur le plan cardiovasculaire en raison de leur faible contenu en
AGS, mais comprenant différentes proportions d’acides gras insaturés (AGMI, AGPI n-6,
AGPI n-3 d’origine végétale, AGPI n-3 d’origine marine).

L’objectif ¢tabli en lien avec mon projet de doctorat était :

Evaluer 1’impact d’huiles alimentaires comprenant différents acides gras (acide oléique
[OA], acide linoléique [LA], ALA, DHA) sur les concentrations sanguines de
biomarqueurs inflammatoires ainsi que sur 1’expression de génes inflammatoires dans les

cellules sanguines complétes.

Cet objectif est a la fois reli¢ au « contexte clinique » et au « contexte métabolique » du
troisiéme volet de mon projet de doctorat (Figure 11.2). Le prochain chapitre présente en
détail la méthodologie du projet et les résultats obtenus, qui ont été¢ publiés dans la revue

Nutrition Metabolism & Cardiovascular Diseases (Baril-Gravel et al. 2015;25:52-59).
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Figure 11.2 : Illustration mettant en lumiére les travaux réalisés dans le cadre du
troisiéme volet du présent projet de doctorat, dont le but était d’évaluer I’impact de la
consommation de différents acides gras alimentaires sur I’inflammation dans un contexte
clinique ainsi que métabolique (expression de genes inflammatoires). Abréviations :
COMIT, projet de recherche intitulé « Canola Oil Multicenter Intervention Trial » ; N-3
GUT, projet de recherche portant sur les oméga-3 d’origine marine et 1’expression de
genes inflammatoires dans I’intestin gréle.

L hypothése globale émise en lien avec I’objectif ci-haut était :

1. L’huile enrichie en DHA (oméga-3 d’origine marine) exerce les plus grands effets anti-

inflammatoires comparativement aux huiles enrichies en ALA (oméga-3 d’origine

végétale), en LA (oméga-6) et en OA (AGMI).

Voici d’ailleurs quelques détails concernant les comparaisons qu’il était possible

d’effectuer a I’intérieur du projet afin de vérifier cette hypothese :

o La comparaison entre I’huile enrichie en ALA et I’huile enrichie en DHA permettait

d’évaluer les effets sur I’'inflammation des oméga-3 d’origine végétale et marine a

un ratio n-6 : n-3 similaire.
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o La comparaison entre 1’huile enrichie en LA et I’huile enrichie en DHA permettait
d’évaluer les effets sur ’inflammation de remplacer des oméga-6 par des oméga-
3 d’origine marine, mais aussi par de ’acide oléique.

o La comparaison entre I’huile enrichie en OA (CanolaOleic) et I’huile enrichie en
DHA permettait d’évaluer les effets sur I’inflammation de remplacer directement

des AGMI par des oméga-3 d’origine marine.
11 était aussi possible de vérifier d’autres hypotheses telles que :

2. L’huile enrichie en ALA exerce des effets anti-inflammatoires comparativement a 1’huile

enrichie en LA.

o La comparaison entre I’huile enrichie en LA et I’huile enrichie en ALA permettait
d’évaluer les effets sur ’inflammation de remplacer des oméga-6 par des oméga-
3 d’origine végétale a des quantités d’AGS, d’AGMI et d’AGPI totaux

similaires.

3. L’huile de canola réguliére relativement riche en OA n’a pas d’effet sur I’inflammation

comparativement aux huiles enrichies en ALA et en LA.

o La comparaison des huiles enrichies en ALA et en LA avec I’huile de canola
réguliére relativement riche en OA permettait d’évaluer les effets sur I’inflammation
de remplacer des AGPI d’origine végétale au profit d’AGMI tout en atteignant

un ratio n-6 : n-3 relativement faible.

Voici maintenant 1’introduction des autres travaux réalisés dans le cadre de ce troisiéme et

dernier volet de mon projet de doctorat.
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11.2.2 Projet N-3 GUT : Oméga-3 et expression de génes inflammatoires dans l’intestin

gréle

Sur la base des informations présentées précédemment a la section 11.1.5, nous étions
intéressés a combler certaines lacunes présentes dans la littérature scientifique en
entreprenant, a notre connaissance, la premiere étude chez I’humain a avoir évalué
I’expression de genes inflammatoires dans I’intestin gréle en réponse a la consommation

d’oméga-3 d’origine marine.
L’objectif établi dans le cadre de mon projet de doctorat était :

Evaluer I’impact d’une supplémentation en oméga-3 d’origine marine (EPA et DHA) sur
I’expression de geénes pro-inflammatoires dans le duodénum d’hommes obeses atteints du

diabéte de type 2.

Cet objectif est enticrement reli¢ au « contexte métabolique » du troisiéme volet de mon
projet de doctorat (Figure 11.2). Sur la base des résultats des études réalisées chez 1’animal,

I’hypothése émise en lien avec cet objectif était :

La supplémentation en EPA et DHA diminue I’expression de geénes pro-inflammatoires

dans le duodénum comparativement a un placebo.

Le chapitre 13 présente en détail la méthodologie et les résultats du projet N-3 GUT, qui
ont été publiés dans la revue Nutrition Journal (Labonté et al. 2013;12(1):98). 11 est
important de noter que I’objectif poursuivi ici était un objectif de nature principalement
exploratoire, réalisé¢ a I’intérieur d’un projet du Dr Patrick Couture dont I’objectif général
était plutot d’évaluer les mécanismes par lesquels les oméga-3 d’origine marine influencent
le métabolisme des lipoprotéines intestinales chez des patients avec le diabéte de type 2. La
taille de 1’échantillon a donc été déterminée en fonction du changement dans le taux de
production de [D’apolipoprotéine B48 enrichie en triglycérides en réponse a la

supplémentation en EPA et DHA (données non publiées).
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CHAPITRE 12 :

UNE HUILE DE CANOLA ENRICHIE EN ACIDE
DOCOSAHEXAENOIQUE AUGMENTE LES
CONCENTRATIONS D’ADIPONECTINE : UNE ETUDE
D’INTERVENTION NUTRITIONNELLE CONTROLEE,
RANDOMISEE, EN CHASSE-CROISE

Baril-Gravel L, Labont¢ ME, Couture P, Vohl MC, Charest A, Guay V, Jenkins DA,

Connelly PW, West S, Kris-Etherton PM, Jones PJ, Fleming JA, Lamarche B.

Docosahexaenoic acid-enriched canola oil increases adiponectin concentrations: A

randomized crossover controlled intervention trial
Nutr Metab Cardiovasc Dis. 2015;25:52-59
http://dx.doi.org/10.1016/j.numecd.2014.08.003
Copyright 2014 Elsevier B.V.

Reproduit avec la permission de Elsevier
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RESUME

Nous avons évalué I’impact de 5 huiles comprenant différentes quantités d’acide alpha-
linolénique (ALA), d’acide linoléique (LA), d’acide oléique (OA) et d’acide
docosahexaénoique (DHA) sur les concentrations plasmatiques de biomarqueurs
inflammatoires et sur 1’expression de génes inflammatoires et de facteurs de transcription
dans les cellules sanguines complétes. Dans le cadre d’une étude d’intervention
nutritionnelle controlée, randomisée, en chassé-croisé, 114 hommes et femmes avec obésité
abdominale et au moins une autre composante du syndrome métabolique ont consommeé 5
dictes expérimentales isoénergétiques d’une durée de 4 semaines chacune et entrecoupées
d’une période de repos (« washout ») de 4 semaines. Chaque di¢te fournissait 60 g/3000
kcal de différentes huiles : 1) mélange d’huile de mais et de carthame considéré comme
témoin (CornSaff ; riche en LA), 2) mélange d’huile de lin et de carthame (FlaxSaff ; riche
en ALA), 3) huile de canola réguliere (Canola, riche en OA), 4) huile de canola enrichie en
OA (CanolaOleic ; contenu le plus élevé en OA), 5) huile de canola enrichie en OA et en
DHA (CanolaDHA). L’expression de genes dans les cellules sanguines complétes a été
¢valuée dans un sous-groupe de 62 sujets. La consommation de I’huile CanolaDHA a
entrainé une augmentation des concentrations d’adiponectine comparativement a I’huile
témoin CornSaff (+4,5% ; P = 0,04) et a I’huile FlaxSaff (+6,9% ; P = 0,0008). L’huile
CanolaDHA a aussi réduit I’expression du géne /L /B comparativement aux huiles CornSaff
et Canola (-11% et -13%, respectivement, P = 0,03). Les concentrations de la hs-CRP
¢taient plus faibles suite a la consommation de I’huile Canola comparativement a 1’huile
FlaxSaff (-17,8%, P = 0,047). Ces résultats suggerent qu’une huile de canola enrichie en
DHA exerce des effets anti-inflammatoires comparativement aux acides gras polyinsaturés

de source végétale.
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ABSTRACT

Background and Aims: Little is known about the effect of various dietary fatty acids on
pro- and anti-inflammatory processes. We investigated the effect of 5 oils containing
various amounts of alpha-linolenic acid (ALA), linoleic acid (LA), oleic acid (OA) and
docosahexaenoic acid (DHA) on plasma inflammatory biomarkers and expression levels of
key inflammatory genes and transcription factors in whole blood cells. Methods and
Results: In a randomized, crossover controlled nutrition intervention, 114 adult men and
women with abdominal obesity and at least one other criterion for the metabolic syndrome
consumed 5 experimental isoenergetic diets for 4 weeks each, separated by 4-week washout
periods. Each diet provided 60 g/3000 kcal of different oils: 1) control corn/safflower oil
blend (CornSaff; LA-rich), 2) flax/safflower oil blend (FlaxSaff, ALA-rich), 3)
conventional canola oil (Canola; OA-rich), 4) high oleic canola oil (CanolaOleic; highest
OA content), 5) DHA-enriched high oleic canola oil (CanolaDHA; OA- and DHA-rich).
Gene expression in whole blood cells was assessed in a subset of 62 subjects. CanolaDHA
increased plasma adiponectin concentrations compared with the control CornSaff oil
treatment (+4.5%, P=0.04) and FlaxSaff (+6.9%, P=0.0008). CanolaDHA also reduced
relative expression levels of interleukin (/L)/B compared with CornSaff and Canola (-11%
and -13%, respectively, both P=0.03). High-sensitivity C-reactive protein concentrations
were lower after Canola than after FlaxSaff (-17.8%, P=0.047). Conclusion: DHA-
enriched canola oil exerts anti-inflammatory effects compared with polyunsaturated fatty

acids from plant sources.
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INTRODUCTION

Pro-inflammatory biomarkers such as C-reactive protein (CRP) and interleukin (IL)-6 have
been associated with an increased risk of all-cause mortality and cardiovascular events [1,
2]. Conversely, adiponectin is an adipose tissue-derived hormone recognized for its anti-

atherosclerotic and anti-inflammatory properties [3].

Convincing evidence now suggests that diet significantly affects pro- and anti-
inflammatory processes [4]. However, confusion remains about the effects that various
dietary fatty acids have on inflammation. Saturated fatty acids are believed to have pro-
inflammatory properties [4]. While observational studies have quite consistently reported
inverse associations between consumption of n-3 polyunsaturated fatty acids (PUFA) from
marine sources (eicosapentaenoic acid, EPA; docosahexaenoic, DHA) and inflammation [5,
6], results from randomized controlled trials have been inconsistent [5, 7]. Data from
intervention studies on the effect of the plant-based essential n-3 PUFA alpha-linolenic acid
(ALA) on inflammation are also conflicting [5, 8, 9]. Contrary to some beliefs, a recent
systematic review of randomized controlled nutrition intervention studies has shown that
consumption of the n-6 PUFA linoleic acid (LA) actually exerts no deleterious effect on
inflammatory markers [10]. Finally, the effect of monounsaturated fatty acids (MUFA),
specifically oleic acid (OA), on inflammation is poorly understood since most previous
studies were conducted in the context of experimental diets that included changes beyond
just MUFA, such as the Mediterranean diet or inclusion of MUFA-rich foods such as nuts
[11,12].

The objective of this study was to evaluate the effects of oils containing various amounts of
ALA, LA, OA and DHA in the context of a low SFA diet [13, 14] on plasma high-
sensitivity (hs)-CRP, IL-6, and adiponectin concentrations in subjects with abdominal
obesity and at least one other criterion for the metabolic syndrome. Consistent with
previous extensive review of the literature on diet and inflammation [4], we hypothesized
that the oil containing DHA exerts the greatest benefit on inflammatory markers. In
exploratory analyses, we also investigated how consumption of the different oil blends
modified the expression of inflammatory genes and transcription factors in whole blood

cells.
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METHODS
Study population

COMIT (Canola Oil Multicenter Intervention Trial) was a multicenter trial designed to
study the effect of various forms of canola and flax oils on vascular function and
biomarkers of CVD risk. Methods have been described in detail elsewhere [13, 14].
Recruitment took place at the University of Manitoba in Winnipeg (Canada), Laval
University in Québec City (Canada) and Pennsylvania State University (Penn State) in
University Park, Pennsylvania (USA). Inclusion criteria were: age between 18-65 years,
abdominal obesity defined by a waist circumference > 94 cm for men, and > 80 c¢cm for
women [15], and at least one of the four following metabolic abnormalities according to the
International Diabetes Federation (IDF) criteria for metabolic syndrome [15]: fasting
glucose > 5.6 mmol/L, triglycerides (TG) > 1.7 mmol/L, systolic and diastolic blood
pressures > 130/85 mm Hg, and high-density lipoprotein cholesterol (HDL-C) < 1.0
mmol/L for men and < 1.3 mmol/L for women. Otherwise subjects had to be healthy;
exclusion criteria have been described previously [13, 14]. Written consent was obtained

from all subjects at the beginning of the study. The protocol was approved by Institutional

Ethics Boards at all centers.
Experimental design

The study was designed as a double-blind, randomized crossover intervention that utilized a
controlled feeding design with five experimental 4-week phases each separated by a 2 to 4-
week washout period [13, 14]. All foods were provided to participants during the five
experimental dietary phases to maximize control over each experimental diet effect, as well
as every subject’s energy needs. Daily energy requirements were estimated at study onset
using the Mifflin equation [16] and the Harris-Benedict equation [17] with adjustment for
subjects’ level of physical activity. Further details on the feeding protocol during the

experimental phases are given in [13] and Supplemental File 1.
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Diet and oils

Table 1 presents the fatty acid composition of the five oil blends. Experimental oils (60
2/3000 kcal) were incorporated into shakes made with non-fat milk, sorbet and fruits that
were consumed twice a day, typically at breakfast and dinner. The 7-day cycle menu was
identical for each of the five experimental diets at all centers and only the experimental oils
provided in the shakes differed. The macronutrient content of the diets was 15% from

protein, 50% from carbohydrate and 35% from lipids (Table 2).
Anthropometric measures and screening values

Details on the measurement of anthropometry indices and screening values are provided in

Supplemental File 2.
Blood collection

Twelve-hour fasting blood samples were taken from an antecubital vein on two consecutive
days at the beginning (days 1 and 2) and end (days 29 and 30) of each dietary phase as
described previously [13].

Inflammatory biomarkers analyses

Plasma hs-CRP was analyzed by nephelometry at St-Michael’s Hospital in Toronto
(Behring BN ProSpec; Siemens, Mississauga, Canada) with an intra-assay coefficient of
variation (CV) of 3.5% [18]. The average of the two post-treatment measures (days 29 and
30) was used in the analyses. Data from subjects with hs-CRP values > 10 mg/L at any
point during the study were considered as missing values in the analyses. Plasma
adiponectin (#K1001-1, B-Bridge International Inc., CV=5.2%) and IL-6 concentrations
(Human IL-6 Immunoassay, #HS600B, R&D System., CV=7.4%) were measured at INAF
in Québec City by commercially available ELISA kits on samples taken at day 30 of each

dietary treatment.
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Inflammatory gene expression analysis

Additional samples were collected using PAXGene Blood RNA tubes (Qiagen, Valencia,
CA) on the last day of each dietary treatment for the measurement of inflammatory gene
expression in whole blood cells in a subsample of 62 participants. Details on this analysis

are provided in Supplemental File 3.
Statistical analyses

The COMIT study was designed to investigate the effects of different oil blends on
vascular endothelial function as primary outcome [13, 14]. The data presented here are
secondary analyses of outcomes related to inflammation. The a priori defined analysis
consisted of comparing the difference in outcomes from the control CornSaff oil treatment
(A vs. CornSaff) based on a per protocol approach using the least-square means statistic in
the MIXED procedure for repeated measures in SAS version 9.2 (SAS Institute Inc., Cary,
NC, USA), with treatment as a fixed effect and subject as a random effect. Experimental
treatments were compared using the post-hoc Tukey-Kramer adjustment for multiple
comparisons. The AR(1) covariance matrix structure was used in all cases except for sterol
regulatory element-binding transcription factor 2 (SREBF?2), for which UN was used. Pre-
specified potential confounders such as age, sex, menopausal status, study center, and
“baseline” inflammatory status (i.e. on the control CornSaff oil treatment) and their
interaction with the main treatment effect were investigated in all models. Analyses showed
no evidence of a carry-over effect of the dietary treatments on inflammatory markers.
Variables with a skewed distribution were natural log-transformed before statistical
analyses. Values are presented as untransformed means + standard deviation (SD) unless

stated otherwise. A P value < 0.05 was considered statistically significant.
RESULTS
Subject characteristics

A total of 151 men and women met the inclusion criteria used in this analysis
(Supplemental File 4). The combined dropout and exclusion rate during the dietary

intervention phases was 23.8% (n=36). Dropout/exclusion rate in each center is provided in
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Supplemental File 5. Of the randomized subjects, 115 completed all five dietary phases,
but one participant was excluded from analyses because of CRP values > 10 mg/L on all
dietary treatments. Analyses are therefore based on a total of 114 subjects. Characteristics
of these 114 subjects at screening are presented in Table 3. The sample comprised 53%
women, among which 58% were postmenopausal. Forty-six percent of participants were
obese (body mass index [BMI] > 30 kg/m?) and 46% had metabolic syndrome as defined
by the IDF criteria [15]. As per the inclusion criteria, all subjects had a waist circumference

> 94 cm or > 80 cm for men and women, respectively.
Anthropometric data

There was no between-treatment difference in body weight (maximum difference between
any of the 5 treatments = 0.5 kg) or waist circumference (both P > 0.06 for the main
treatment effect; data not shown). A significant treatment effect was observed for BMI
(P=0.04; data not shown), but no between-treatment difference was evidenced based on the

post-hoc Tukey-Kramer adjustment for multiple comparisons (all P > 0.07).
Inflammatory markers

Daily variation in hs-CRP concentrations (day 29 vs. day 30) was similar between
treatments and averaged 13.7%. As indicated above, the primary analysis tested the effect
of each experimental oil vs. the control CornSaff oil. Post-hoc comparison also allowed us
to compare the difference from CornSaff between the various experimental oils (Table 4
and Supplemental File 6 for a graphic illustration of percent differences from CornSaff). A
significant treatment effect was observed for plasma hs-CRP concentrations (P=0.04, Table
4). Compared with the control CornSaff oil, the reduction in hs-CRP concentrations after
Canola was significantly greater than after FlaxSaff (A hs-CRP: -0.20 vs. +0.15 mg/L,
respectively, P=0.047). There was no significant treatment effect on plasma IL-6
concentrations (Table 4). A significant treatment effect was observed for plasma
adiponectin concentrations (P=0.002, Table 4). Plasma adiponectin concentrations were
higher after CanolaDHA than after CornSaff (+4.5%, A adiponectin: +0.37 pg/L, P=0.04).
The increase in plasma adiponectin concentrations with CanolaDHA vs. CornSaff was

greater than with FlaxSaff (A adiponectin: +0.37 vs. -0.20 pg/L, respectively, P=0.0008).
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The response of adiponectin to the experimental oils also varied according to menopausal
status (P=0.02 for this interaction). There was no significant difference in adiponectin vs.
CornSaff for any of the four experimental oils among premenopausal women (P=0.91)
while a significant treatment effect was observed among postmenopausal women
(P=0.001). As shown in Supplemental File 7, plasma adiponectin concentrations were
significantly reduced after FlaxSaff vs. CornSaff in postmenopausal women (-6.8%,
P=0.02) and this was significantly different than the change with CanolaDHA (A
adiponectin: -0.77 vs. +0.61 pg/L, respectively, P=0.003). Sex, age, and values on the
control CornSaff oil treatment (serving as “baseline” values) showed no significant

interaction with treatment for any of the markers measured.
Inflammatory gene expression

Expression of key inflammatory genes and transcription factors in whole blood cells in
response to the FlaxSaff, Canola, CanolaOleic and CanolaDHA oils compared with the
control CornSaff oil was examined in a subsample of 62 subjects. The baseline
characteristics of these 62 subjects did not differ from characteristics of the total sample of
114 participants (P > 0.08, Supplemental File 8). Table 5 shows that there was no
significant treatment effect on relative expression levels of interleukin-18 (/L/8), nuclear
factor kappa-B subunit 1 (NFKBI), peroxisome proliferator-activated receptor alpha
(PPARA), SREBF?2, tumor necrosis factor (7NF), and TNF receptor-associated factor 3
(TRAF3) (all P > 0.45). A significant treatment effect was observed for the relative
expression level of IL1B (P=0.04). More specifically, /LB expression was 11% lower after
CanolaDHA than after CornSaff (fold change -1.11, P=0.03). This reduction in /L/B gene
expression after CanolaDHA vs. CornSaff was also greater than the difference after Canola

vs. CornSaff (fold change -1.11 vs. +1.02, respectively, P=0.03).
DISCUSSION

The experimental design of the present study allowed us to compare the effect of different
oil blends in the context of a low SFA diet on biomarkers of inflammation, with emphasis
on substitution of specific fatty acids by others in men and women with abdominal obesity

and at least one other risk factor for the metabolic syndrome. Results showed that DHA-
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enriched canola oil increased adiponectin concentrations and that OA-rich conventional
canola oil reduced hs-CRP concentrations compared with oils rich in PUFA from plant

Sources.

The comparison of the control CornSaff and FlaxSaff oil treatments allowed us to evaluate
the effect of replacing n-6 PUFA (primarily LA) with n-3 PUFA (primarily ALA) at similar
SFA, MUFA and total PUFA intakes. Inflammatory biomarker concentrations did not differ
after consumption of these two oil blends despite a marked difference in their n-6:n-3 ratio
(208:1 vs. 1.2:1). These data are consistent with the emerging concept that a high intake of
n-6 PUFA, including LA, may not promote inflammation as originally thought [4, 10].

We observed an increase in plasma adiponectin concentrations following consumption of
the DHA-enriched high-oleic canola oil compared with the CornSaff oil blend high in n-6
PUFA and the flax-safflower oil blend rich in ALA. Among women, this effect was
particularly strong after menopause, a period generally characterized by the presence of a
pro-inflammatory state [19]. It is important to appreciate that this anti-inflammatory effect
cannot be ascribed solely to a higher consumption of the marine-derived n-3 PUFA since
MUFA (primary oleic acid) content was higher in the DHA-enriched oil treatment
compared with the other two treatment oils. Nevertheless, a recent systematic review and
meta-analysis of 14 randomized placebo-controlled trials by Wu et al. [20] showed that fish
oil supplementation (median intake 1.3 g/d) increased circulating adiponectin levels by 0.37
pg/mL (95% CI 0.07-0.67), which is consistent with the increase seen in the present study.
Such an increase in adiponectin concentrations with DHA predicts a 3% lower risk of
incident type 2 diabetes [20, 21]. Treatment of murine and human adipocytes with /LB has
been shown to decrease the production of adiponectin in a cell culture model [22]. Based
on this, and consistent with data from the present study, it appears that the increase in
adiponectin concentrations with the DHA-enriched canola oil may be explained, at least in
part, by down-regulation of /L/B. Additionally, the comparison of the CanolaDHA and
FlaxSaff oil treatments allowed us to evaluate the effect of a marine and vegetable source
of n-3 PUFA at a similar n-6:n-3 ratio. Consistent with our results, a study in a rat model
showed that dietary supplementation for 12 weeks with n-3 PUFA derived from fish

increased plasma adiponectin concentrations in a dose-dependent manner, while
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supplementation with n-3 PUFA from vegetable sources had no effect [23]. This
differential effect of marine vs. vegetable sources of n-3 PUFA on adiponectin
concentrations may be explained, at least partly, by data suggesting that DHA is a potent
ligand for PPAR-y, a key transcription factor involved in the regulation of the adiponectin

gene [24], whereas ALA is not [25].

Comparison of the regular canola oil treatment with the flax-safflower oil treatment showed
that increasing MUFA (oleic acid) at the expense of n-6 and n-3 PUFA from plant sources
reduces hs-CRP concentrations. This contrasts with results from previous crossover studies
that showed no difference in hs-CRP when MUFA-enriched diets were compared with
PUFA-enriched diets (n-6 and/or n-3 PUFA from plant sources) [26-28]. It is important to
note, however, that these studies each included fewer than 40 subjects, thereby limiting

their capacity to detect small yet significant changes in hs-CRP.

This study has strengths and limitations. The crossover randomized double-blind design of
this study is a major strength, considering also that the treatment oils were evaluated under
tightly controlled feeding conditions, a rare feature in such large clinical trials. The
multicenter nature of the study also improves the generalization of the results. Plasma hs-
CRP concentrations were measured twice after each treatment, consistent with current
clinical guidelines for the use of CRP [29], and combined with the large sample size this
provided more statistical power to detect small changes. The control corn-safflower oil
treatment was low in SFA (< 7% of energy) and high in plant-derived n-6 PUFA (16%).
Any difference in inflammatory markers compared to this heart healthy control diet, such as
the one observed for the DHA-enriched canola oil, is therefore likely to be robust and of
potential clinical significance. Experimental oils were consumed for short periods of time
and therefore their longer-term effects need to be investigated. Average consumption of
DHA was 2.9 + 0.6 g/day during the CanolaDHA treatment (not shown). High doses of
DHA have been shown to promote oxidative stress [30] but this was not measured in our
study. The increase in adiponectin concentrations after the CanolaDHA treatment was
observed despite this potential induction of oxidative stress. This needs further
investigation. Finally, the dropout rate was relatively high, but this was anticipated given

the amount of time and dedication required to complete the study.
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In conclusion, our results suggest that in the context of a heart healthy diet with a favorable
fatty acid profile including low SFA, DHA and oleic acid beneficially modify different
biomarkers of inflammation compared with PUFAs of plant origin (n-6 and n-3). Our
findings also suggest that consumption of n-6 PUFA compared with MUFA or n-3 PUFA
from vegetable sources has no apparent deleterious effect on biomarkers of inflammation in
men and women with abdominal obesity and other risk factors associated with metabolic

syndrome.
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TABLES

Table 1. Fatty acid profiles of the five experimental oils (g per 60 g oil)*P

CornSaff FlaxSaff Canola CanolaOleic CanolaDHA
SFA 4.7 4.9 4.3 3.9 5.2
C12:0 0 0 0.1 0 0
C14:0 0 0 0 0 0.5
Cl16:0 3.5 2.9 24 2.2 3.2
C17:0 0 0 0 0.1 0.1
C18:0 1.1 1.9 1.1 1.1 1.0
MUFA 10.6 10.7 37.7 43.2 38.3
C18:1 (OA) 10.6 10.7 35.2 42.9 37.9
PUFA 41.8 41.7 17.6 10.3 14.0
C18:2 (LA) 41.6 22.5 11.7 8.8 7.6
C183 (ALA) 0.2 19.2 5.9 1.4 1.2
C20:5(EPA) O 0 0 0 0.1
C22:5 0 0 0 0 1.4
C22:6 (DHA) O 0 0 0 3.5
n-6:n-3 208:1 1.2:1 2:1 6.3:1 1.2:1

 Data in this table, except for the n-6:n-3 ratio, are reproduced from Table 2 of reference
[13] (Senanayake VK, Pu S, Jenkins DA, Lamarche B, Kris-Etherton PM, West SG, et al.
Plasma fatty acid changes following consumption of dietary oils containing n-3, n-6, and n-
9 fatty acids at different proportions: preliminary findings of the Canola Oil Multicenter
Intervention Trial (COMIT). Trials. 2014;15:136. doi: 10.1186/1745-6215-15-136.
Copyright 2014 Senanayake et al, Publisher: BioMed Central). ALA, alpha-linolenic acid;
DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; LA, linoleic acid; MUFA,
monounsaturated fatty acids; OA, oleic acid; PUFA, polyunsaturated fatty acids; SFA,
saturated fatty acids.

b CornSaff (considered as the control oil blend) was a 25% corn and 75% safflower oil
blend rich in LA, bought from local grocery stores; FlaxSaff was a 60% flax and 40%
safflower oil blend rich in ALA, provided by Shape Foods Inc., Brandon, MB, Canada,;
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Canola was a conventional canola oil; CanolaOleic was a proprietary canola oil enriched in
oleic acid, provided by Richardson Oilseed Limited, Winnipeg, MB, Canada; and
CanolaDHA was a proprietary canola oil enriched in oleic acid and DHA, provided by
Martek Biosciences Corporation, Columbia, MD, USA. The three canola-based oil

treatments were all high in OA, with CanolaOleic having the highest amount.
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Table 2. Nutrient composition of the five experimental diets (% of energy)?

CornSaff FlaxSaff Canola CanolaOleic CanolaDHA
Protein 15 15 15 15 15
Carbohydrate 50 50 50 50 50
Lipid 35 35 35 35 35
SFA 6.7 6.8 6.6 6.5 6.9
MUFA 9.5 9.6 17.6 19.3 17.8
PUFA 16.3 16.3 9.1 6.9 8.0
LA 15.4 9.7 6.5 5.6 52
ALA <1 6.0 2.0 <1 <1
DHA 0 0 0 0 1.1
n-6:n-3 46.7:1 1.6:1 3.2:1 7.8:1 2.4:1
Total fiber (g/d)® 40 40 40 40 40
Cholesterol (mg/d)® 170 170 170 170 170

? Nutrient composition of the background diet combined with shakes containing
experimental oils. % of energy from protein, carbohydrate, lipid, SFA, MUFA and PUFA
are reproduced from Table 1 of reference [14] (Jones PJ, Senanayake VK, Pu S, Jenkins
DJ, Connelly PW, Lamarche B, et al. DHA-enriched high-oleic acid canola oil improves
lipid profile and lowers predicted cardiovascular disease risk in the canola oil multicenter
randomized controlled trial. Am J Clin Nutr. 2014. doi: 10.3945/ajen.113.081133. Printed
in USA. Copyright 2014 American Society for Nutrition). ALA, alpha-linolenic acid;
DHA, docosahexaenoic acid; LA, linoleic acid; MUFA, monounsaturated fatty acids; OA,
oleic acid; PUFA, polyunsaturated fatty acids; SFA, saturated fatty acids.

® Estimated for a 3000 kcal/day intake.
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Table 3. Subject characteristics at screening (n=114)?

Screening Range

Females (n, % of total n) 60 (53 %)

Age (years) 475+129 19-65
Weight (kg) 854+15.1 543-1335
BMI (kg/m?) 29.9+4.1 21.6-43.6
Waist circumference (cm) 101.6 £ 10.0 81.3-134.6
Systolic BP (mm Hg)® 125.2+17.4 91-185
Diastolic BP (mm Hg)® 80.4+12.2 54-117
Fasting glucose (mmol/L) 54 +1.2 1.6-13.9
TG (mmol/L) 1.8+1.0 04-6.5
Cholesterol (mmol/L) 54+1.1 3.1-8.7
HDL-C (mmol/L) 1.3+0.3 0.7-2.6
LDL-C (mmol/L)¢ 33+£09 1.5-6.6

n with MetSyn®d 52 (46 %)

 Data are presented as means = SD unless stated otherwise. BMI, body mass index; BP,
blood pressure; HDL-C, high density lipoprotein cholesterol; LDL-C, low-density

lipoprotein cholesterol; MetSyn, metabolic syndrome; TG, triglycerides.
® ;=112 as data were missing for 2 participants.
“n=113 as data were missing for 1 participant.

4 Percent of subjects with metabolic syndrome based on the International Diabetes

Federation criteria [15].
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Table 4. Difference from the control CornSaff oil treatment in plasma concentrations of inflammatory biomarkers (n=114)*

A vs. CornSaff

CornSaff FlaxSaff Canola CanolaOleic CanolaDHA PP
hs-CRP (mg/L)*4 1.97+£2.04 0.15 (-0.10, 0.40) -0.20 (-0.42, 0.02)° 0.13 (-0.16, 0.41) 0.07 (-0.19, 0.32) 0.04
IL-6 (pg/mL)>t 1.82+£3.32 -0.24 (-0.82, 0.34) -0.35 (-0.94, 0.23) -0.17 (-0.74, 0.41) -0.44 (-0.96, 0.08) 0.06
Adiponectin (ug/L)" 8.19 £ 4.64 -0.20 (-0.52, 0.11) 0.12 (-0.18, 0.43) 0.05 (-0.20, 0.29) 0.37 (0.04, 0.69)¢ 0.002

? Values are unadjusted means = SD for the control CornSaff oil treatment and unadjusted mean A vs. CornSaff (95% CI) for the

FlaxSaff, Canola, CanolaOleic and CanolaDHA oil treatments. hs-CRP, high-sensitivity C-reactive protein; IL-6, interleukin-6.

b P values for the main treatment effect, as determined by MIXED models performed on delta scores representing variations from the
control CornSaff oil treatment. Analyses of delta scores were performed on variations from the control CornSaff oil of log-transformed
data since variations from the control CornSaff oil of crude data were not normally distributed. Adjustment for potential covariates
(sex, centre, and/or values of the selected parameter on the control CornSaff oil treatment) was considered only when they were found

to be significant at P < 0.05 in the mixed models.
¢ Analysis was adjusted for values on the control CornSaff oil treatment only.

4 n=112 in the control CornSaff oil treatment since hs-CRP was over 10 mg/L post-treatment (days 29 and 30) for two participants. hs-
CRP data on the control CornSaff oil treatment for these 2 participants were considered as missing values. Thus, the maximum
possible n was 112 for all A vs. CornSaff in the analysis of hs-CRP. However, n=111 for the A FlaxSaff vs. CornSaff because one
participant had hs-CRP values > 10 mg/L at days 29 and 30 in the FlaxSaff oil treatment and #=110 for the A Canola vs. CornSaff and
for the A CanolaDHA vs. CornSaff because two participants had hs-CRP values > 10 mg/L at days 29 and 30 in the Canola and

CanolaDHA oil treatments, respectively.
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¢ Variation in hs-CRP vs. CornSaff differed between Canola and FlaxSaff (P Tukey-Kramer = 0.047).

f n=113 for the A CanolaOleic vs. CornSaff and for the A CanolaDHA vs. CornSaff due to missing data in one participant in the

CanolaOleic and CanolaDHA oil treatments, respectively.

¢ Adiponectin concentrations after CanolaDHA differed from CornSaff (P least-square means = 0.04). Variation in adiponectin from

CornSaff also differed between CanolaDHA and FlaxSaff (P Tukey-Kramer = 0.0008).
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Table 5. Mean fold change in expression levels of key inflammatory genes® and

transcription factors compared with the control CornSaff oil treatment in a subset of 62

participants
Fold change vs. CornSaff®

Genes FlaxSaff Canola CanolaOleic CanolaDHA e
IL18 1.18 1.16 1.16 1.10 0.86
ILIB 1.00 1.02 -1.02 -1.114 0.04
NFKBI 1.02 1.01 1.00 -1.01 0.82
PPARA 1.05 1.05 1.03 1.07 0.93
SREBF?2 1.05 1.00 1.06 1.00 0.45
TNF -1.04 -1.02 -1.05 1.01 0.77
TRAF3 1.01 1.01 -1.01 1.00 0.99

 Ct, cycle threshold; G6PD, glucose-6-phosphate dehydrogenase; /L, interleukin; NFKBI,
nuclear factor kappa-B 1; PPARA, peroxisome proliferator-activated receptor alpha; SD,
standard deviation; SREBF2, sterol regulatory element binding transcription factor 2; 7TNF,

tumor necrosis factor; TRAF3, TNF receptor-associated factor 3

® Fold change in gene expression calculated using the 244 method, i.e. 2"(mean ACt from
the FlaxSaff, Canola, CanolaOleic or CanolaDHA oil treatments — mean ACt from the
control CornSaff oil treatment). ACt were calculated as Ct values of a selected target gene —
Ct values of the internal control gene G6PD. Ct values used in the formula consisted of the
mean of the triplicates’ individual Ct values, unless the SD of a triplicate was > 0.5, in

which case the outlier value was excluded from the calculation of the mean.

¢ P values for the main treatment effect, as determined by MIXED models performed on
AACt, i.e. gene expression levels at the end of the FlaxSaff, Canola, CanolaOleic or
CanolaDHA oil treatments normalized to the expression of the reference gene G6PD and
relative to gene expression on the control CornSaff oil treatment. Adjustment for potential
covariates including sex, study center and gene expression levels on the control CornSaff

oil treatment did not change the results.
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d Relative IL1B gene expression levels after CanolaDHA differed from CornSaff (P least-
square means = 0.03). Relative IL/B gene expression levels also differed between

CanolaDHA and Canola (P Tukey-Kramer = 0.03).
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SUPPLEMENTARY FILES
Supplemental File 1. Details on the feeding protocol during the experimental phases

On weekdays, participants were weighed daily and ate one meal under the supervision of
one of the study coordinators, breakfast or lunch, at the Clinical Investigation Unit of each
participating center. Other meals were provided to participants to eat at home or at a place
of convenience. On Friday, foods for the weekend days were packed and taken away. The
amount of food provided was adjusted (= 300 kcal; intakes between 1800 — 4500 kcal/day)
according to fluctuations in body weight, when necessary. Use of anti-inflammatory drugs,
natural health products, or dietary supplements was not allowed for the duration of study.
Subjects were asked to eat all foods provided, to avoid eating any other food, limit alcohol
consumption to a maximum of 2 drinks/week, and limit coffee and tea to a maximum of 5
cups/day. Subjects were also asked to maintain their usual level of physical activity
throughout the study, and were instructed not to lose weight. Questionnaires were used
daily and/or weekly to assess compliance to the diet and to record protocol violation, use of
medication(s), adverse events or any other relevant information. Compliance was also
assessed by measuring changes in plasma fatty acid profile at the end of each dietary

period, as reported by Senanayake et al. [1].
References

[1] Senanayake VK, Pu S, Jenkins DA, Lamarche B, Kris-Etherton PM, West SG, et al.
Plasma fatty acid changes following consumption of dietary oils containing n-3, n-6, and n-
9 fatty acids at different proportions: preliminary findings of the Canola Oil Multicenter
Intervention Trial (COMIT). Trials. 2014;15:136. doi: 10.1186/1745-6215-15-136.
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Supplemental File 2. Details on the measurement of anthropometry indices and screening

values
Anthropometric measures

Participants were weighed each weekday during all experimental phases without shoes
wearing only light clothes. Waist circumference was measured once at the beginning and
end of each of the five experimental phases. Anthropometric measurements were obtained

using standardized procedures [1].
Screening values

Cardiovascular risk profile factors were assessed at screening for clinical assessment of
potential participants. Systolic and diastolic blood pressures were taken after a 10 min rest
and averaged from 2 or 3 measures using automated apparel (HEM-773 model, Omron;
Baumanometer Standby Model, W.A. Baum Co. Inc.). The lipid/lipoprotein profile at the

screening visit was assessed at each center as described previously [2-5].
References

[1] Lohman TG, Roche AF, Martorell R. Anthropometric standardization reference manual.

Champaign, IL: Human Kinetics Books; 1988.

[2] Albers JJ, Warnick GR, Wiebe D, King P, Steiner P, Smith L, et al. Multi-laboratory
comparison of three heparin-Mn2+ precipitation procedures for estimating cholesterol in

high-density lipoprotein. Clin Chem. 1978;24:853-6.

[3] Couillard C, Despres JP, Lamarche B, Bergeron J, Gagnon J, Leon AS, et al. Effects of
endurance exercise training on plasma HDL cholesterol levels depend on levels of

triglycerides: evidence from men of the Health, Risk Factors, Exercise Training and

Genetics (HERITAGE) Family Study. Arterioscler Thromb Vasc Biol. 2001;21:1226-32.

[4] Skulas-Ray AC, Kris-Etherton PM, Harris WS, Vanden Heuvel JP, Wagner PR, West

SG. Dose-response effects of omega-3 fatty acids on triglycerides, inflammation, and
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endothelial function in healthy persons with moderate hypertriglyceridemia. Am J Clin

Nutr. 2011;93:243-52. doi: 10.3945/ajcn.110.003871.

[5] Gillingham LG, Gustafson JA, Han SY, Jassal DS, Jones PJ. High-oleic rapeseed
(canola) and flaxseed oils modulate serum lipids and inflammatory biomarkers in
hypercholesterolaemic subjects. Br J Nutr. 2011;105:417-27. doi:
10.1017/S0007114510003697.
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Supplemental File 3. Details on inflammatory gene expression analysis

The subsample of 62 participants included in the inflammatory gene expression analysis
represents the maximum number of participants for whom PaxGene Blood RNA tubes were
available for all 5 treatments and unaltered during transport to the research center
responsible for this analysis. Total ribonucleic acid (RNA) was first isolated from 2.5 ml of
whole blood samples using the PAXGene Blood RNA purification kit (Qiagen, Valencia,
CA) according to manufacturer’s instructions. RNA was thereafter quantified using
NanoDrop (Thermo Fisher, Wilmington, DE). Complementary deoxyribonucleic acid
(cDNA) was synthesized from 1 pg of RNA using the High Capacity cDNA Reverse
Transcription Kit (Life Technologies). Gene expression was measured by quantitative real
time polymerase chain reaction using TagMan® OpenArray® Real-Time PCR Plates with
Inventoried Gene Expression Assays (Applied Biosystems, Foster City, CA) and the
QuantStudio 12K Flex Software (Applied Biosystems, Foster City, CA). GenBank and Life
Technologies numbers of the analyzed genes are provided in the Table below. Each sample
was analyzed in triplicate. Expression of the target genes was normalized to the expression
of the internal control gene glucose-6-phosphate dehydrogenase (G6PD) using the formula
ACt = (cycle threshold (Ct) value of the target gene — Ct value of the internal control gene)
[1]. Ct values used in the formula consisted of the mean of the triplicates’ individual Ct
values, unless the standard deviation (SD) of a triplicate was > 0.5, in which case the outlier
value was excluded from the calculation of the mean. Expression of the following 10
inflammation-related genes and transcription factors was measured: chemokine (C-C motif)
ligand 2 (CCL2), interleukin-18 (IL18), IL6, ILIB, nuclear factor kappa-B subunit 1
(NFKBI), natriuretic peptide receptor C (NPR3), peroxisome proliferator-activated receptor
alpha (PPARA), sterol regulatory element-binding transcription factor 2 (SREBF2), tumor
necrosis factor (TNF), and TNF receptor-associated factor 3 (TRAF3). CCL2, IL6 and
NPR3 were not retained in the analyses since their level of expression was too low to be
detected in approximately half of the samples and thus did not allow reliable data to be
obtained. Normalization of the target genes to the expression of the internal control gene
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was also considered and led to

similar results.
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Supplemental File 3 Table. GenBank and Life Technologies numbers of the analyzed

genes
# GenBank # Life Technologies
Target genes
CCL2 NM 002982 Hs00234140 ml
IL18 NM 001562 Hs01038788 ml
IL6 NM 00600 Hs00985639 ml
ILIB NM 000576 Hs01555410 ml
NFKBI1 NM 003998 Hs00765730 ml
NPR3 - Hs01099013 ml
PPARA NM 005036 Hs00947536 ml
SREBF?2 NM 004599 Hs01081784 ml
TNF NM 000594 Hs01113624 gl
TRAF3 NM 145725 Hs00936781 ml
Control genes
G6PD - Hs00166169 ml
GAPDH NM 002046 Hs00266705 gl
References

[1] Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-time

quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods. 2001;25:402-8. doi:

10.1006/meth.2001.1262.
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Non-eligible after clinical assessment
n =409

* Inclusion criteria, n=255

* Medication/lliness, n=40

* Age, n=4

* Fish oil supplements, n=3

* Vegetarianism/allergies, n=3

» Smoking, n=3

* Pregnancy, n=1

* Not recorded, n=100

Telephone
screening
n=1145

Declined n = 391
* Project requirement, n=115
* Unknown reason, n=276

Clinical assessment
n =692

Declined n =132
* Projectrequirement, n=115
* Unknown reason, n=17

A 4

Non-eligible after telephone screening
n=62

* Inclusion criteria, n=12

» Medication/lliness, n=22

» Menopausal status/irregular cycle, n=11
*» Unstable weight, n=13

* Age, n=4

Excludedn=7

» Wanted or was prescribed to startlosing
weight, n=4

* Violation of protocol, n=2

* Pregnancy, n=1

Eligible &
Randomized
n=151

Excluded from analyses n =1
* Mean of the two post-diet values of
CRP > 10.0 mg/L in all five diets

Completed study
n=115

Dropped out n = 29

* Dietissues: didn’t like food, n=7
* Protocol too demanding, n=6

» Family/job constraints, n=6

* lliness unrelated to study, n=4

* Moved away, n=3

* Lost interest, n=2

* Unknown reason, n=1

Supplemental File 4. Flow of participants through the study. This chart is adapted from
Figure 1 in Senanayake VK, Pu S, Jenkins DA, Lamarche B, Kris-Etherton PM, West SG,
et al. Plasma fatty acid changes following consumption of dietary oils containing n-3, n-6,
and n-9 fatty acids at different proportions: preliminary findings of the Canola Oil
Multicenter Intervention Trial (COMIT). Trials. 2014;15:136. doi: 10.1186/1745-6215-15-

Included in
inflammatory
biomarkers analyses
n=114

136. Copyright 2014 Senanayake et al, Publisher: BioMed Central.
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Supplemental File 5. Dropout and exclusion rate in each participating center

e 11 dropouts and 1 exclusion at INAF (21.8%)

e 7 dropouts and 4 exclusions at RCFFN (20.8%)

e 11 dropouts and 2 exclusions at Penn State (30.2%).

e The majority of dropouts/exclusions (n=19, 53%) occurred during or after the
completion of the first of the five feeding phases. Eight dropouts/exclusions
occurred during or after the second feeding phase and 9 others during or after the

third feeding phase.
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Difference vs. CornSaff (%)

20%
10%
0%
-10%
-20%
-30%
-40%
-50%

- FlaxSaff Canola CanolaOleic - CanolaDHA

| PE0047 P = 0.0008
i ‘ *
hs-CRP IL-6 Adiponectin

Supplemental File 6. Data from Table 4 presented as mean percent differences from the

control CornSaff oil treatment in plasma concentrations of inflammatory biomarkers

(n=114). *Different from CornSaff (P = 0.04).
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Supplemental File 7. Interaction between dietary treatments and menopausal status (pre-
or postmenopausal) in modifying the response of adiponectin concentrations from the
control CornSaff oil treatment among women (n=60). P interaction: P value of the
treatment x menopausal status interaction, determined by the MIXED procedure. A
significant treatment effect was observed among postmenopausal women (P = 0.001), but
not among premenopausal women (P = 0.91), as determined using the SLICE statement in
the MIXED procedure. * = different from CornSaff (P = 0.02) and T = different from the A
CanolaDHA vs. CornSaff (P = 0.003) among postmenopausal women, as determined by the
Tukey-Kramer adjustment for multiple comparisons. Adiponectin concentrations on the
control CornSaff oil treatment were 11.4 + 5.8 pg/L among postmenopausal women and 8.5

+ 3.1 pg/L among premenopausal women.
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Supplemental File 8. Comparison of subjects’ characteristics at screening between the
whole study sample (n=114) and the subsample included in the inflammatory gene

expression analysis (n=62)?

Subsample — gene P®
Whole sample expression analysis
(n=114) (n=62)
Females (n, % of total n) 60 (53 %) 24 (39%) 0.08
Age (years) 47.5+12.9 50.0+12.5 0.21
Weight (kg) 854 +15.1 87.2+14.5 0.44
BMI (kg/m?) 299 +4.1 29.8+3.7 0.85
Waist circumference (cm) 101.6 £10.0 103.5+9.0 0.23
Systolic BP (mm Hg)® 1252+ 17.4 124.1+£13.2 0.64
Diastolic BP (mm Hg)* 80.4+12.2 77.4+£10.7 0.10
Fasting glucose (mmol/L) 54+£1.2 53+0.6 0.72
TG (mmol/L) 1.8+ 1.0 1.8+ 1.0 0.99
Cholesterol (mmol/L) 54+1.1 54+1.1 0.97
HDL-C (mmol/L) 1.3+£0.3 1.3+£04 0.79
LDL-C (mmol/L)¢ 3.3+£0.9 3.3+0.9 0.97
n with MetSyn®¢ 52 (46 %) 25 (41%) 0.49

? Data are presented as means £ SD unless stated otherwise. BMI, body mass index; BP,
blood pressure; HDL-C, high density lipoprotein cholesterol; LDL-C, low-density

lipoprotein cholesterol; MetSyn, metabolic syndrome; TG, triglycerides.

® P values obtained using the Student's T-test (continuous variables) or the Chi-square test

(categorical variables).

“n=112 in results for the whole study population as data were missing for 2 participants and
n=61 in results for the subsample included in the gene expression analysis as data were

missing for 1 participant.

4%=113 in results for the whole study population as data were missing for 1 participant.
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¢ Percent of subjects with metabolic syndrome based on the International Diabetes

Federation criteria [1].
References

[1] Alberti KG, Zimmet P, Shaw J. The metabolic syndrome--a new worldwide definition.

Lancet. 2005;366:1059-62. doi: 10.1016/S0140-6736(05)67402-8.
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CHAPITRE 13 :

SUPPLEMENTATION EN ACIDES GRAS POLYINSATURES
OMEGA-3 A LONGUE CHAINE ET EXPRESSION DE
GENES INFLAMMATOIRES DANS LE DUODENUM DE
PATIENTS OBESES ATTEINTS DU DIABETE DE TYPE 2

Labonté¢ ME, Couture P, Tremblay AJ, Hogue JC, Lemelin V, Lamarche B.

Eicosapentaenoic and docosahexaenoic acid supplementation and inflammatory gene
expression in the duodenum of obese patients with type 2 diabetes

Nutr J. 2013;12:98. doi: 10.1186/1475-2891-12-98.
http://www.nutritionj.com/content/12/1/98

Copyright 2013 Labonté et al.; licensee BioMed Central Ltd
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RESUME

Nous avons évalué I’impact d’une supplémentation en acides gras polyinsaturés oméga-3 a
longue chaine (acide eicosapentaénoique [EPA] et acide docosahexaénoique [DHA]) sur
I’expression de geénes inflammatoires dans le duodénum de patients obeses atteints du
diabete de type 2. Cette ¢tude contrélée, randomisée, en chassé-croisé, incluait 12 hommes.
Suite a une période de rodage (« run-in ») de 4 semaines, les patients ont recu dans un ordre
aléatoire 5 g/jour d’huile de poisson (fournissant 3 g/jour d’EPA et de DHA) et un placebo
(mélange d’huile de mais et de soya). Chaque phase d’intervention durait 8 semaines et les
deux phases étaient entrecoupées d’une période de repos (« washout ») de 12 semaines.
L’expression de génes a ¢té¢ mesurée a la fin de chaque phase par amplification en chaine
par polymérase a partir d’échantillons de tissu duodénal obtenus lors de biopsies chez les
patients a jeun. Les niveaux d’ARN messager (ARNm) de I'IL-6 et de TNF-a dans le
duodénum étaient difficilement détectables aprés chaque intervention (< 100 copies/10°
copies du géne de référence ATP50). Les niveaux d’ARNm de I’IL-18 et du facteur de
transcription STAT3 («signal transducer and activator of transcription 3 ») dans le
duodénum étaient plus élevés que ceux de I’'IL-6 et de TNF-a (> 5000 copies/10° copies
d’ATP50), mais demeuraient tout de méme relativement faibles. La supplémentation en
EPA et DHA n’a eu aucun impact sur I’expression des genes évalués (tous les P > 0,73).
Ces résultats suggerent que 1’expression des geénes de cytokines pro-inflammatoires est
faible dans le duodénum de patients atteints du diabéte de type 2 et qu’elle n’est pas
influencée par une supplémentation en EPA et DHA. Des études additionnelles sont
requises afin de déterminer si I’expression de génes inflammatoires dans d’autres tissus

entourant I’intestin gréle est influencée par une supplémentation en EPA et DHA.
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ABSTRACT

Background: The extent to which long-chain omega-3 polyunsaturated fatty acids (LCn-
3PUFA) from fish oil such as eicosapentaenoic acid (EPA) and docosahexaenoic acid
(DHA) exert their anti-inflammatory effects by down-regulating intestinal inflammation in
humans is unknown. We investigated the impact of LCn-3PUFA supplementation on
inflammatory gene expression in the duodenum of obese patients with type 2 diabetes.
Findings: This placebo-controlled randomized crossover study included 12 men with type
2 diabetes. After a 4-week run-in period, patients received in a random sequence 5 g/d of
fish oil (providing 3 g of EPA+DHA) and a placebo (corn and soybean oil) for 8 weeks
each. The two treatment phases were separated by a 12-week washout period. Gene
expression was assessed by real-time polymerase chain reaction in duodenal biopsy
samples obtained in the fasted state at the end of each treatment phase. Intestinal mRNA
expression levels of interleukin(IL)-6 and tumor-necrosis factor(TNF)-a were hardly
detectable after either treatment (<100 copies/10° copies of the reference gene ATP50).
Intestinal mRNA expression of IL-18 and of the transcription factor signal transducer and
activator of transcription 3 (STAT3) was higher (>5000 copies/10° copies ATP50) but still
relatively low. EPA+DHA supplementation had no impact on any of these levels (all
P>0.73). Conclusions: These data suggest that duodenal cells gene expression of pro-
inflammatory cytokines is low in patients with type 2 diabetes and not affected by
EPA+DHA supplementation. Further studies are warranted to determine if inflammatory
gene expression in other tissues surrounding the intestine is modulated by EPA+DHA

supplementation. ClinicalTrials.gov ID: NCT01449773.
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FINDINGS:
INTRODUCTION

It is widely recognized that obesity, metabolic syndrome, and type 2 diabetes are associated
with low-grade chronic inflammation [1], attributed in part to an expanded adipose tissue
mass infiltrated with macrophages that secrete pro-inflammatory cytokines [2, 3]. It has
been suggested that diet-induced inflammation in the small intestine is also linked to
obesity and insulin resistance [4]. Long-chain omega-3 polyunsaturated fatty acids (LCn-
3PUFA) such as eicosapentaenoic acid (EPA, C20:5) and docosahexaenoic acid (DHA,
C22:6) have been shown to have anti-inflammatory effects by down-regulating
inflammatory gene expression in adipocytes and mononuclear cells [5-7]. Intervention
studies evaluating the extent to which EPA and DHA may exert their anti-inflammatory
effects by down-regulating intestinal inflammation are lacking. The aim of the present
study was to investigate the impact of EPA and DHA supplementation on the expression of
inflammatory genes in the duodenum of obese men with type 2 diabetes, who are likely to
have intestinal inflammation [4] and therefore to respond favorably to LCn-3PUFA
supplementation [8]. We hypothesized that EPA and DHA supplementation reduces pro-

inflammatory gene expression in the duodenum of obese men with type 2 diabetes.
METHODS
Participants

Twelve adult men with type 2 diabetes were recruited via the Lipid Clinic of the Laval
University Hospital Research Center, Québec, QC, Canada, between April 2008 and March
2009. Diagnosis of type 2 diabetes was based on criteria issued by the American Diabetes
Association [9]. Inclusion criteria were: age between 18 and 55 y, plasma triglyceride (TG)
levels above the 50™ percentile for age [10], non-smoker, body mass index (BMI) between
25.0 and 40.0 kg/m?, stable body weight over the last 6 mo, hemoglobin Alc (HbAlc)
between 6.5 and 8.5%, baseline fasting plasma glucose < 15.0 mmol/L and patients with de
novo type 2 diabetes not taking oral hypoglycemic agents or patients having received stable

doses of metformin for at least 3 mo before randomization. Exclusion criteria were: genetic
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dyslipidemias, patients with secondary form of diabetes or acute metabolic diabetic
complications, subjects having cardiovascular diseases or taking medication known to
affect lipoprotein metabolism (e.g. lipid lowering agents). All participants signed an
informed consent document approved by the Ethics Board of the Laval University Hospital

Research Center.
Study Design

The study was undertaken according to a double-blind randomized crossover design with
two balanced [1:1] treatments of 8 weeks each. All subjects received, in random order: 5
g/d (5 x 1 g capsules) of fish oil providing 3 g/d of EPA (64%) and DHA (36%) or a
control supplementation (5 x 1 g capsules/d of a 50/50 blend of corn and soybean oil).
Treatments were separated by a 12-week washout. During a 4-week run-in stabilization
period that preceded the treatments, participants were advised to consume a low fat diet
following the recommendations of the National Cholesterol Education Program - Adult
Treatment Panel III [11]. Dietary intake of marine-derived LCn-3PUFA was limited by
prohibiting the consumption of fish during the entire experimental period, including the
washout period. Alcohol consumption, vitamin supplements and natural health products

were also strictly forbidden during the entire experimental period.

Participants’ baseline intake of marine-derived LCn-3PUFA was assessed using a validated
interviewer-administered food frequency questionnaire [12]. Compliance to
supplementation was assessed by counting the number of capsules returned to the research

staff over the course of the experimentation.
Characterization of plasma lipids

Plasma TG concentrations were determined by enzymatic methods at the end of each
supplementation period using the Technicon RA-1000 analyzer (Technicon Instruments
Corporation, Tarrytown, NY). Plasma phospholipids fatty acid levels were determined as
previously described [13].
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Duodenal biopsies

Four biopsy samples (3 x 3 mm) were obtained at the end of each phase by gastro-
duodenoscopy from the second portion of the duodenum using multiple sample single-use
biopsy forceps and were immediately flash-frozen in liquid nitrogen and stored at -80°C, as

previously described [14].
Total RNA extraction

Biopsy samples were homogenized in 1 ml of Qiazol. Ribonucleic acid (RNA) was then
extracted using an RNeasy mini-kit (Qiagen). Tissue samples were also treated with an
RNase-free DNase set to eliminate any contaminant deoxyribonucleic acid (DNA). Total

RNA was then eluted into 100 pul RNase-free H2O and stored at -80°C.
RNA quantification and quantitative real-time PCR

Details on RNA quantification and quantitative real-time PCR are provided in Additional
File 1. Briefly, RNA quality was assessed with a 2100 Bioanalyzer (Agilent Technologies,
Inc.) as previously described [15]. Messenger RNA (mRNA) expression data were
normalized using the second derivative and double correction method [16] and are
expressed as the number of copies/10° copies of the reference gene ATP synthase O subunit
(ATP50). The standard curve was established by using known amounts of purified
polymerase chain reaction products and the LightCycler 480 version 1.5 software provided

by the manufacturer (Roche Inc).
Statistical analyses

Nonparametric Wilcoxon matched-pairs signed-rank tests were used to compare the impact
of LCn-3PUFA and placebo on inflammatory gene mRNA expression in duodenal tissues.
Mixed models with proper interaction terms have shown no evidence of a carry-over effect
of the LCn-3PUFA supplementation (not shown). Associations among key outcomes were
assessed using Spearman correlation coefficients. Differences were considered significant

at P <0.05. Analyses were performed using SAS (version 10.1; SAS Institute, Cary, NC).
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RESULTS

All 12 recruited participants completed the study and were included in the analyses. Table
1 shows their characteristics. Body weight remained stable throughout the study. More than
80% of the capsules were taken by participants. No side effects were reported. Plasma
phospholipids LCn-3PUFA levels were higher while plasma phospholipids levels of
dihomo-y-linoleic acid and arachidonic acid were lower after EPA+DHA supplementation
than after placebo (all P < 0.001). This again reflected good compliance. There was no
between-treatment difference in alpha-linolenic acid and linoleic acid levels (both P > 0.09,
Table 2). Mean plasma TG concentrations tended to be lower after EPA+DHA
supplementation than after placebo (2.30 £ 1.09 vs. 2.50 £+ 1.22 mmol/L; P = 0.08).

Table 3 presents the duodenal mRNA expression of inflammatory genes measured after
placebo and EPA+DHA treatments. mRNA expression levels of interleukin (IL)-6 and
tumor necrosis factor (TNF)-o were hardly detectable after either treatment (< 100
copies/10° copies ATP50). mRNA expression of IL-18 and of the transcription factor signal
transducer and activator of transcription 3 (STAT3) was higher (> 5000 copies/10° copies
ATP50) but still relatively low. EPA+DHA supplementation had no impact on any of these
levels (changes between -15 and +26% vs. placebo, all P > 0.73). Despite these low levels
of expression and the lack of change with EPA+DHA supplementation, treatment-induced
variations in mRNA STAT3 levels (EPA+DHA vs. placebo) were correlated with
concurrent variations in mRNA expression of IL-6 (» = 0.55; P = 0.06), IL-18 (» = 0.64; P
=0.03), and TNF-a (r=0.67; P =0.02).

DISCUSSION

To the best of our knowledge, this study is the first to assess the impact of EPA+DHA
supplementation on the expression of inflammatory genes in duodenal tissues of obese

patients with type 2 diabetes.

Our results first showed that the expression of inflammatory genes in duodenal tissues of
obese men with type 2 diabetes is relatively low, particularly in the case of IL-6 and TNF-

a. This suggests that inflammation at the level of duodenal cells per se may not play a
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significant role in modulating chronic low-grade inflammation in obese diabetic patients.
As reviewed by Ding and Lund [4], very little is known on the crosstalk between the
intestine and adipose tissue in fostering chronic inflammation. In the case of Crohn’s
disease, the extent of inflammation and cellular damage has been correlated with the
accrual of mesenteric fat around the intestine (so-called “creeping” fat) [17]. As is the case
with abdominal fat, mesenteric fat is characterized by infiltration with immune cells and
increased levels of pro-inflammatory cytokines such as IL-6 and TNF-a [18]. The duodenal
biopsy procedure in the present study collected basolateral cells and not cellular material
from the outer surface of the intestine where mesenteric fat would be found. Thus, our
study cannot resolve the possibility that mesenteric fat expresses pro-inflammatory genes in

type 2 diabetes.

Our study also suggests that 3 g/d EPA+DHA supplementation has no impact on duodenal
cells gene expression of pro-inflammatory cytokines and of transcription factor STAT3
compared with a placebo. Previous studies in animal models have shown that LCn-3PUFA
from fish oil down-regulate the small intestine and gut-associated lymphoid tissue
expression of inflammatory mediators (interferon-y, chemokines) [19, 20]. Other recent
studies in cell culture and animal models also suggest that LCn-3PUFA down-regulate
inflammatory gene expression by modifying the activity of transcription factors such as
nuclear factor-kB and peroxisome proliferator-activated receptor-y, which are expressed in
the gastrointestinal tract [21]. The lack of effect of LCn-3PUFA supplementation on
mRNA expression of pro-inflammatory cytokines and of transcription factor STAT3 in
duodenal tissues of obese patients with type 2 diabetes in the present study is most likely
attributable to the fact that gene expression was extremely low and therefore unlikely to be
further modified. However, consistent with our results, a study performed in 242 human
subjects by Pot et al. [22] has shown that concentrations of local markers of inflammation
measured in biopsy samples of the colon were unaffected by consumption of oily fish,

which represents a naturally occurring source of EPA+DHA.

A limitation that needs to be pointed out is the limited number of subjects which yielded
limited statistical power to detect treatment differences in gene expression. However,

mRNA expression levels of inflammatory genes were very low in most cases, and it is
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unlikely that such numbers would have changed with a larger sample size. The use of a
randomized crossover design is a strength and the long intervention and washout periods
have limited the possibility of a carry-over effect of the LCn-3PUFA supplementation.
Analyses of plasma fatty acid profiles following placebo and EPA+DHA supplementation

confirmed compliance to treatments.

In summary, we believe this is the first study suggesting that gene expression of pro-
inflammatory cytokines in duodenal tissues from obese patients with type 2 diabetes is very
low and not affected by EPA+DHA supplementation. Further studies will be needed to
investigate if inflammatory gene expression in other tissues surrounding the intestine such

as mesenteric fat is modulated by EPA+DHA supplementation.
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TABLES

Table 1. Characteristics of the study participants at screening (» = 12 men with type 2
diabetes)

Mean + SD
Age (y) 54.1+7.2
BMI (kg/m?) 33.7+6.0
LDL-C (mmol/L) 29+0.5
HDL-C (mmol/L) 1.0+£0.2
TG (mmol/L) 3.1£2.0
HbAlc (%) 7.0+0.8
EPA+DHA intake (g/d) 0.23+0.20

Abbreviations: BMI, body mass index; DHA, docosahexaenoic acid; EPA,
eicosapentaenoic acid; HbAlc, hemoglobin Alc; HDL-C, high density lipoprotein
cholesterol; LDL-C, low-density lipoprotein cholesterol; TG, triglycerides.
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Table 2. Plasma phospholipids fatty acid levels after EPA+DHA and placebo

supplementation in 12 men with type 2 diabetes

Placebo EPA+DHA
Fatty acid levels (%) Difference i
LA 19.9 (3.6) 19.3(2.9) -0.6 0.09
ALA 0.21 (0.09) 0.19 (0.11) -0.02 0.85
DGLA 3.82 (1.57) 2.87 (0.65) -0.95 0.001
AA 9.40 (2.05) 7.97 (1.37) -1.43 0.0005
EPA 1.00 (0.93) 3.53 (1.65) 2.53 0.0005
DPA 1.03 (0.34) 1.25 (0.26) 0.22 0.0005
DHA 2.96 (1.15) 4.43 (1.26) 1.47 0.0005

Data are expressed as median and interquartile range in parentheses. P values were

calculated wusing Wilcoxon matched-pairs

signed-rank tests.

Abbreviations:

AA,

arachidonic acid; ALA, alpha-linolenic acid; DGLA, dihomo-y-linoleic acid; DHA,

docosahexaenoic acid; DPA, docosapentaenoic acid; EPA, eicosapentaenoic acid; LA,

linoleic acid; PUFA, polyunsaturated fatty acids.
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Table 3. Inflammatory gene expression in duodenal tissue after EPA+DHA and placebo

supplementation in 12 men with type 2 diabetes

Placebo EPA+DHA
Difference P
mRNA copies/10° copies ATP50
1L-6 8 (9) 10 3) 2 0.77
TNF-a 109 (51) 93 (50) -16 0.75
IL-18 5226 (3552) 5398 (1486) 172 0.73
STAT3 4637 (1723) 4646 (1437) 9 0.91

Data are expressed as median and interquartile range in parentheses. P values were
calculated using Wilcoxon matched-pairs signed-rank tests. Abbreviations: ATP50, ATP
synthase O subunit; DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; IL,
interleukin; mRNA, messenger ribonucleic acid; STAT3, signal transducer and activator of

transcription 3; TNF-q, tumor necrosis factor a.
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SUPPLEMENTARY FILES

Additional file 1. Details on RNA quantification and quantitative real-time PCR

RNA quality was assessed with an Agilent 2100 Bioanalyzer (Agilent Technologies Inc).
First-strand complementary DNA (cDNA) synthesis was accomplished using 5 pg of
isolated RNA in a reaction containing 200 U of Superscript III RNase H-RT (Invitrogen
Life Technologies), 300 ng of oligo-dTis, 50 ng of random hexamers, 50 mM Tris-HCI pH
83, 75 mM KCI, 3 mM MgCl, 500 puM deoxynucleotides triphosphate, 5 mM
dithiothreitol, and 40 U of Protector RNase inhibitor (Roche Diagnostics); the volume of
the final solution was 50 pl. The reaction was performed at 25°C for 10 minutes, followed
by 50°C for 1 hour, and then the solution was treated with 1 ug of RNase A for 30 min at
37°C. The resulting products were purified with Qiaquick PCR purification Kkits
(QIAGEN). cDNA corresponding to 20 ng of total RNA was used to perform fluorescent-
based real-time PCR quantification using the LightCycler 480 (Roche). Reagent
LightCycler 480 SYBRGreen I Master was obtained from the same company and used
according to the manufacturer’s instructions. Fifty cycles of PCR reactions were performed
under the following conditions: denaturation at 95°C for 10 sec, annealing at 58-64°C for
10 sec and elongation at 72°C for 14 sec. The reaction was then heated for 5 sec at a
temperature 2°C lower than the melting temperature of the DNA fragment. The
fluorescence signal readings were recorded at the end of the heating period to avoid a non-
specific signal. A melting curve was performed to assess for the presence of a non-specific
signal. Oligoprimer pairs that amplify approximately 200 bp were designed using
GeneTools software (Biotools Inc.), and their specificity was verified by blast in the
GenBank database. Data analyses and normalization were performed using the second-
derivative and double-correction methods as described by Luu-The ef al. [1] (see references
below); the following reference genes were used: hypoxanthine guanine phosphoribosyl
transferase 1 (Hprtl), ATP synthase O subunit (ATP50), glucose-6-phosphate
dehydrogenase (G6PD) and 18S ribosomal RNA (18S). Previous studies have shown that
Hprtl, ATP50 and G6PD have stable expression levels from the embryonic stage of life
through adulthood in various tissues [1]. The mRNA expression levels are expressed as the

number of copies/10° copies of the reference gene ATP50, using a standard curve of
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crossing points versus the logarithm of the quantity. The standard curve was established

using known amounts of purified PCR products (10, 10%, 103, 10%, 103, and 10° copies) and

the LightCycler 480 version 1.5 software provided by the manufacturer (Roche Inc.). The

efficiency of the PCR amplification was verified.

Primer sets used in quantitative real-time PCR from duodenal biopsies

Gene Symbol

Description

Forward Primer (5'—3")

Reverse Primer (5'—3")

IL-6

Interleukin 6
(interferon, beta
2)

ACAGCCACTCACCTCTTCAGA

AGTGCCTCTTTGCTGCTTTCA

TNF-a

Homo sapiens
tumor necrosis
factor

CATCTATCTGGGAGGGGTCTT

GCAATGATCCCAAAGTAGACC

IL-18

Homo sapiens
interleukin 18
(interferon-
gamma-
inducing factor)

GCTGAAGATGATGAAAACCTGGAAT

ATAAATATGGTCCGGGGTGCA

STAT3

Homo sapiens
signal
transducer and
activator of
transcription 3
(acute-phase
response factor)

GGTTGGACATGATGCACACTAT

AGGGCAGACTCAAGTTTATCAG

ATP50

ATP synthase,
H+ transporting,
mitochondrial
F1 complex, O
subunit

ATTGAAGGTCGCTATGCCACAG

AACGACTCCTTGGGTATTGCTTAA

References

[1] Luu-The V, Paquet N, Calvo E, Cumps J: Improved real-time RT-PCR method for

high-throughput measurements using second derivative calculation and double

correction. Biotechniques 2005, 38:287-293
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CHAPITRE 14 : ETUDE DE L’IMPACT DES ACIDES GRAS
ALIMENTAIRES SUR L’INFLAMMATION - CONCLUSION

Ce troisiéme et dernier volet de mon projet de doctorat a porté sur I’étude de I’impact de
différents acides gras sur I’inflammation et ses mécanismes sous-jacents (expression de
génes inflammatoires) dans le cadre de deux <études d’intervention nutritionnelle
randomisées controlées congues selon un devis en chassé-croisé : 1) le projet COMIT, dans
lequel divers acides gras aux effets potentiellement cardioprotecteurs ont été comparés
simultanément et 2) le projet N-3 GUT, dans lequel une supplémentation en oméga-3
d’origine marine était comparée a un placebo (mélange d’huile de mais et de soya). Mis a
part leur utilisation d’un devis randomisé en chassé-croisé, les deux études différaient
grandement en fonction de nombreuses caractéristiques (ex: nombre de sujets,
caractéristiques des sujets, interventions réalisées, mesure ou non des biomarqueurs
inflammatoires circulants, tissus dans lesquels I’expression de génes a été mesurée). Je vais
donc discuter de certains points importants séparément pour chacune des deux études, en

débutant par le projet COMIT.
Conclusions sur le projet COMIT

Un des principaux constats dérivant du projet COMIT est que dans le cadre d’une
alimentation caractérisée par un profil en AGS favorable sur le plan cardiovasculaire, les
effets anti-inflammatoires d’une huile de canola enrichie en DHA comparativement aux
AGPI de source végétale (n-6 et n-3) pourraient étre attribuables, du moins en partie, a la

réduction de I’expression de I’IL-1.

D’abord, je désire mettre en lumicre que 1’huile de canola enrichie en DHA a exercé ses
effets anti-inflammatoires comparativement a des huiles enrichies en AGPI n-6 ou n-3 de
source végétale principalement en augmentant les concentrations d’un biomarqueur anti-
inflammatoire, ’adiponectine, plutdt qu’en réduisant les concentrations de biomarqueurs
pro-inflammatoires (hs-CRP, IL-6). Ce constat est tout a fait en accord avec la littérature
actuelle (section 11.1.5 du chapitre 11) qui démontre que les oméga-3 d’origine marine
engendrent assez clairement une augmentation des concentrations d’adiponectine, mais

exercent des effets contradictoires sur les concentrations de biomarqueurs pro-
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inflammatoires. Il pourrait donc s’avérer pertinent dans le futur d’évaluer 1’adiponectine en
combinaison avec d’autres molécules anti-inflammatoires (ex : IL-10) afin de confirmer
¢éventuellement si les effets anti-inflammatoires des oméga-3 d’origine marine au plan
« clinique/physiologique » passent d’abord et avant tout par [’augmentation des
concentrations de molécules anti-inflammatoires plutdt que par la réduction des

biomarqueurs pro-inflammatoires.

Tel que mentionné plus haut, les données du projet COMIT nous ont amené a émettre
I’hypothese que I’augmentation des concentrations d’adiponectine suite a la consommation
de I’huile de canola enrichie en DHA puisse étre attribuable, du moins en partie, a la
réduction de I’expression de I’IL-1p. Cette hypothése reste toutefois a confirmer dans le
futur. De plus, une évaluation davantage compléte des mécanismes sous-jacents a
I’augmentation des concentrations d’adiponectine suite a la consommation de DHA devrait
prendre en compte la mesure de PPAR-y, dont il fut question dans la discussion du chapitre
12. Parmi les PPAR, seule I’expression de PPAR-a a été mesurée dans le cadre du présent

projet.

Il m’apparait également important de souligner, dans le contexte d’une perspective plus
globale entourant la santé cardiovasculaire, que les effets bénéfiques de la consommation
de I’huile de canola enrichie en DHA ne se limitaient pas seulement a des effets anti-
inflammatoires. En effet, nos collaborateurs de 1’Université du Manitoba ont démontré que
la consommation de 1’huile de canola enrichie en DHA, comparativement aux autres huiles,
avait exercé des effets bénéfiques significatifs sur le HDL-cholestérol, les triglycérides, le
ratio cholestérol-total : HDL-cholestérol, la tension artérielle diastolique et le score du

risque de Framingham (314).

Un autre constat du projet COMIT, auquel on s’attendait plus ou moins, est que
I’augmentation des AGMI (acide oléique ; avec I’huile de canola réguli¢re) aux dépens des
AGPI n-6 et n-3 de source végétale (huile FlaxSaff) a réduit les concentrations de la hs-
CRP. Jaimerais ajouter, par rapport a ce qui a déja été discuté au chapitre 12, que de
nombreux facteurs incluant le nombre €levé de sujets dans le projet (n = 114), le contexte
d’alimentation contrdlée, le devis en chassé-croisé et le fait que la hs-CRP ait été mesurée a

deux reprises a la fin de chaque di¢te expérimentale peuvent possiblement expliquer
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I’observation d’effets bénéfiques significatifs sur la hs-CRP suite au remplacement d’ AGPI
d’origine végétale par de 1’acide oléique. Nous émettons également 1’hypotheése que cet
effet serait particuliecrement notable lorsque le ratio n-6 : n-3 est faible. En effet, la
principale différence entre I’huile de canola réguliere et I’huile de canola enrichie en OA
(CanolaOleic) était leur ratio n-6 : n-3 (3 fois plus faible dans la premiere que dans la
seconde). Contrairement aux résultats observés avec I’huile de canola réguliere, I’huile de
canola enrichie en OA n’a eu aucun impact sur la hs-CRP comparativement a la

consommation de I’huile riche en AGPI n-6 et n-3 de source végétale.

Contrairement a notre hypothése, ’ALA n’a entrainé aucun effet anti-inflammatoire
comparativement aux AGPI oméga-6 (acide linoléique). Tel qu’indiqué au chapitre 12, ce
résultat supporte la notion que les oméga-6 n’exerceraient pas d’effets pro-inflammatoires
(3, 247), du moins dans le contexte d’une alimentation faible en AGS. En ce qui concerne
plus spécifiquement I’ALA, nos résultats semblent supporter I’hypothése mentionnée lors
du survol de la littérature (section 11.1.4 du chapitre 11) comme quoi la consommation de
cet acide gras, peu importe sa dose (ex : 19 g pour un apport énergétique de 3000 kcal/jour
dans la présente étude), n’a pas d’effet sur les biomarqueurs pro-inflammatoires lorsque le
statut inflammatoire initial des participants est « relativement faible ». En effet, méme si
tous nos sujets étaient caractérisés par de I’obésité abdominale, leur concentration moyenne
de la hs-CRP « en tant que groupe » n’était pas séverement détériorée, se situant dans les

environs de 2 mg/L.

Un dernier constat en lien avec le projet COMIT, mais non le moindre, est que la
consommation des différentes huiles a 1’étude a globalement eu peu d’impact sur
I’expression de genes inflammatoires dans le sang. Cette absence d’effet peut nous amener
a se questionner concernant le type de cellules utilisées pour mesurer 1’expression de génes.
En effet, nous avons mesuré I’expression de genes dans les cellules sanguines complétes
(méthode PaxGene) alors que plusieurs études ont plus spécifiquement évalué 1’expression
de génes inflammatoires dans les PBMC. Les PBMC sont des cellules immunitaires faisant
partie du « sang complet », mais ce dernier comprend également les érythrocytes et les
cellules polynucléaires (315, 316). Il a ét¢ démontré que le nombre de génes exprimés et

que les valeurs d’expression de genes seraient plus faibles alors que la variabilité des
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mesures serait plus grande en isolant ’ARN a partir des cellules sanguines complétes
comparativement aux PBMC (316-318). Cela pourrait peut-étre expliquer pourquoi,
globalement, nous n’avons observé aucun effet sur I’expression de génes inflammatoires en
réponse aux différentes huiles. Cela pourrait également expliquer pourquoi nous n’avons
pas pu analyser les données provenant de 3 des 10 génes inflammatoires que nous avions
ciblés (« Supplemental File 3 » du chapitre 12), deux de ces génes étant une cytokine et un
facteur chimiotactique bien connus, soit I’'IL-6 et MCP-1 (qui porte aussi le nom CCL2,
« chemokine (C-C motif) ligand 2 »). 1l est suggéré que les profils d’expression de génes
différents obtenus a partir des cellules sanguines complétes comparativement aux PBMC
pourraient étre attribuables a 1’abondance d’ARN messager de globine dans les cellules
sanguines complétes (316, 319, 320). Apparemment, des étapes additionnelles dans
I’isolation de I’ARN provenant du « sang complet » impliquant la réduction de la globine
pourraient améliorer la sensibilité et réduire la variabilité de la méthode (318-321). Malgré
tout, il est possible que la consommation des différentes huiles n’ait tout simplement eu
aucun effet, de fagon globale, sur les genes évalués ici-méme. Tel que souligné un peu plus
haut, il s’avererait pertinent dans le futur de considérer davantage la mesure de I’expression
de genes anti-inflammatoires, particulierement en réponse aux oméga-3 d’origine marine
(DHA). Enfin, comme le souligne la discussion du chapitre 12, les interventions avaient
une durée relativement courte (4 semaines). Les effets a plus long terme de différents
acides gras sur I’expression de génes inflammatoires méritent donc également d’étre

investigues.
Conclusions sur le projet N-3 GUT

Je rappelle que le principal constat du projet N-3 GUT est que 1’expression de génes pro-
inflammatoires dans le duodénum d’hommes obéses atteints du diabéte de type 2 est trés
faible et n’est pas influencée par une supplémentation de 3 g/jour en EPA+DHA durant 8

semaines.

En plus des éléments soulevés dans la discussion du chapitre 13, il faut reconnaitre que
nous avons mesuré I’expression des geénes de seulement trois cytokines pro-inflammatoires
(IL-6, TNF-a, IL-18) et d’un facteur de transcription (STAT3). Ce petit nombre de génes

évalués limite la portée de nos résultats. Il aurait donc pu étre pertinent d’évaluer
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I’expression d’un plus grand nombre de génes associ€s a des effets pro-inflammatoires (ex :
IL-1B, MCP-1, NF-kB) de méme que des geénes associés a des effets anti-inflammatoires
(ex: PPAR-a, PPAR-y). Toutefois, nous ¢émettons I’hypothése que les niveaux
d’expression de ces autres geénes dans le duodénum auraient probablement été aussi faibles
que ceux des geénes que nous avons évalués. Il est intéressant de noter qu’une étude publi¢e
récemment par Veilleux et al. (322), qui semble actuellement la seule autre étude que la
nétre a avoir mesuré ’expression de genes inflammatoires dans le duodénum chez
I’humain, a démontré une expression augmentée du géne TNF-a, mais pas des génes TLR4
ni IL-1P, chez des individus obeses résistants a 1’insuline comparativement a des individus
obeses non résistants a I’insuline de méme age et de méme sexe (n = 10 par groupe). Cette
étude a aussi démontré une plus grande production d’IL-6 par des cellules intestinales en
culture et une plus grande activation de NF-«B dans le duodénum (reflétée par un ratio plus
grand de NF-«kB/I-kB, calculé en fonction de I’expression des protéines) chez les résistants
a I’insuline comparativement aux individus non résistants a I’insuline. Il faut savoir que le
degré de sévérité de 1’obésité des sujets était plus grand dans 1’étude de Veilleux et al.
(322) (IMC moyen = 53,8 kg/m?) que dans la présente étude (IMC moyen = 33,7 kg/m?). 1l
faut aussi dire que Veilleux et al. (322) ont évalué 1’expression relative de certains génes
inflammatoires entre deux groupes de sujets, alors que nous avons plutdt mesuré
I’expression absolue (nombre de copies) en réponse a une intervention nutritionnelle chez
un seul et méme type de sujets. Les buts poursuivis et les mesures réalisées n’étaient pas les
mémes dans notre étude et dans celle de Veilleux ef al. (322). Il est donc difficile de
comparer les résultats obtenus. Malgré tout, au contraire de nos résultats, Veilleux et al.
(322) suggerent la présence d’inflammation dans le duodénum de sujets séveérement obéses

et résistants a I’insuline.

Ensuite, nous avons déja été critiqués par rapport au fait que nous ayons seulement réalisé
des biopsies du duodénum pour mesurer 1’expression de génes inflammatoires, alors que
I’iléon serait le principal site de I’inflammation intestinale d’apres les études chez I’animal
(302, 306, 307). Il faut toutefois savoir que de prélever des échantillons de I’iléon chez
I’humain dans un contexte de recherche représente un défi de taille, difficilement réalisable
a moins de procéder par iléo-coloscopie ou par chirurgie. Entre autres, I’iléo-coloscopie

demande un certain niveau de préparation au patient quelques jours avant 1’intervention
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(ex : régime sans résidus) et elle est généralement effectuée sous anesthésie générale. Les
procédures pour I’obtention de biopsies de I’iléon sont donc encore plus invasives que la
gastro-duodénoscopie réalisée dans la présente étude. Autant d’un point de vue éthique que
pratique, réaliser des biopsies du duodénum demeure davantage réaliste dans un contexte

de recherche.

Enfin, un aspect relativement important que je n’ai pas encore abordé dans la thématique de
I’inflammation intestinale est celui du microbiote. Il est de plus en plus suggéré que
I’interaction d’une alimentation riche en lipides avec le microbiote intestinal est nécessaire
dans I’activation de I’inflammation intestinale associée au développement de 1’obésité et de
la résistance a I’insuline (306, 323). En effet, des souris élevées dans des conditions
exemptes de germes (« germ-free mice ») consommant une diete riche en lipides ne
montreraient pas une expression augmentée du géne TNF-a dans I’iléon et seraient
résistantes a 1’obésité comparativement a des souris consommant la méme diete, mais étant
¢levées dans des conditions normales (302). D’aprés une récente revue de la littérature
(323), de nombreuses ¢études chez I’animal suggerent que la consommation d’une dicte
riche en lipides, particulierement en AGS, induirait des signaux inflammatoires dans le
tractus gastro-intestinal en passant par 1’augmentation de certaines classes de Firmicutes
aux dépens des Bacteriodetes. Cette revue de la littérature indique également que 1’impact
des oméga-3 sur le microbiote intestinal n’a pas encore ¢été étudié (323). Combiner la
mesure de I’expression de genes inflammatoires dans I’intestin a la mesure des populations
de bactéries présentes dans le microbiote intestinal pourrait donc s’avérer une avenue
intéressante afin de déterminer le role précis des oméga-3 sur 1’inflammation intestinale.
Toutefois, il faut admettre que 1’étude du microbiote va au-dela des travaux qui ont été

réalisés ici-méme.

Mis ensemble, les résultats des projets COMIT et N-3 GUT indiquent, sur le plan
« métabolique », que la consommation de divers acides gras, dont des acides gras oméga-3
d’origine marine, influence peu ou pas I’expression de genes inflammatoires dans le sang
de sujets avec obésité¢ abdominale ou dans I’intestin gréle de sujets obéses et diabétiques de
type 2. Le fait que les analyses d’expression de genes réalisées ici étaient principalement de

nature exploratoire illustre 1’importance de réaliser des études futures spécifiquement
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congues en fonction de la mesure de 1’expression de génes inflammatoires. En effet, encore
trop peu d’études ont vérifié I'impact de la consommation de divers acides gras sur
I’expression de genes inflammatoires in vivo chez ’humain en tant que mesure principale

(« primary outcome »).
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CHAPITRE 15 : CONCLUSION GENERALE

Je rappelle que le présent projet de doctorat visait, de fagon globale, a étudier les liens entre
I'alimentation et l'inflammation en passant de la population, a I’individu, a la cellule
(Figure 15.1). L’alimentation a elle-méme été étudiée sous différents angles, incluant de
simples nutriments (acides gras, dont les oméga-3), des aliments (produits laitiers) ainsi que

des profils alimentaires reflétant 1’alimentation d’une population dans sa globalité.

Nutriments
Alimentation et .
inflammation Aliments
Profils

Approches

expérimentales

Métabolique /

Moléculaire

)

Figure 15.1 : Intégration des différents ¢léments du présent projet de doctorat qui visait,
de facon globale, a étudier les liens entre I’alimentation et I’inflammation en passant de
la population, a I’individu, a la cellule.

Sur la base des travaux présentés dans cette these, il n’est pas possible de confirmer
I’hypothése générale émise au chapitre 2 comme quoi «les facteurs nutritionnels
globalement considérés comme bénéfiques pour la santé sont associés a des effets anti-
inflammatoires, alors que les facteurs nutritionnels globalement considérés comme néfastes
pour la santé sont associés a des effets pro-inflammatoires ». Peu importe I’angle sous
lequel I’alimentation a été étudiée, le constat global ressortant des résultats autant de nature

épidémiologique, clinique, que métabolique est qu’il est difficile de détecter des
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associations claires et nettes entre 1’alimentation et les paramétres inflammatoires. Dans la

plupart des cas, on note que [’alimentation exercerait une influence mineure sur

I’inflammation.

Ce projet de doctorat m’a entre autres permis de réaliser que 1’étude des liens entre
I’alimentation et I’inflammation est plutot complexe. Tel que mis en lumiére lors de I’étude
des associations entre 1’alimentation et le profil inflammatoire des nations autochtones du
Nord-du-Québec, certaines caractéristiques des participants peuvent représenter
d’importants facteurs confondants. Ces facteurs confondants peuvent possiblement masquer
et méme dénaturer les associations attendues entre 1’alimentation et I’inflammation, comme
on le suspecte pour 1’association inverse entre ’adhésion au profil alimentaire « A faible

valeur nutritive » et la hs-CRP chez les Inuits du Nunavik.

Un autre facteur qui complexifie I’étude des liens entre I’alimentation et I’inflammation est
I’alimentation elle-méme. Non seulement 1’alimentation peut étre étudiée sous plusieurs
angles (nutriments, aliments, alimentation globale), mais chaque méthode d’évaluation
alimentaire est sujette a un certain nombre de biais systématiques et erreurs de mesure
aléatoires. Des biais et erreurs de mesure trop grands peuvent eux aussi masquer la
présence d’associations entre I’alimentation et 1’inflammation. Cela met donc en lumiere
I’importance, dans le domaine de la recherche en nutrition, de connaitre les forces et limites
des différentes méthodes d’évaluation alimentaire et de choisir celle la plus appropriée a

nos besoins.

Il faut également retenir, peu importe 1’étude réalisée, que les biomarqueurs inflammatoires
sont eux-mémes caractéris€és par beaucoup de variabilité intra- et interindividuelle. Par
curiosité, dans le projet COMIT, nous avons calculé la variabilité intra-individuelle des
trois biomarqueurs inflammatoires évalués (hs-CRP, IL-6, adiponectine) en fonction des
valeurs a la fin de chacune des 5 diétes. Nous avons observé que la variabilité intra-
individuelle de la hs-CRP et de I’IL-6 était en moyenne de 3 a 4 fois plus ¢élevée que celle
de I’adiponectine (11%), qui elle était relativement semblable a la variabilité calculée pour
le HDL-cholestérol (8%) et méme plus faible que la variabilité calculée pour les
triglycérides (18%) (données exploratoires non publiées). Une variabilité plus grande pour

la hs-CRP et I’IL-6 limite donc la possibilité d’observer des différences significatives entre
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divers traitements ou groupes de sujets. Cela peut peut-étre expliquer, du moins en partie,
pourquoi la littérature scientifique actuelle (incluant le projet COMIT) démontre que les
oméga-3 d’origine marine augmentent les concentrations d’adiponectine, mais n’exercent

pas d’effets clairement définis sur les biomarqueurs pro-inflammatoires.

Par ailleurs, il n’y a pas de consensus a I’heure actuelle concernant quel biomarqueur
inflammatoire devrait préférentiellement étre mesuré (en d’autres mots, quel biomarqueur
inflammatoire est le « meilleur »). Tel que souligné a quelques endroits dans cette thése, je
crois qu’il demeure important de considérer la balance entre les biomarqueurs pro- et anti-
inflammatoires plutot que de s’attarder a un seul type de biomarqueurs. Certains membres
de la communauté scientifique suggérent par ailleurs que I’avenir dans le domaine de
I’inflammation repose probablement sur 1’évaluation de groupes/combinaisons de
biomarqueurs (« clusters ») et/ou sur la mesure de paramétres reliés a 1’immunité
(marqueurs a la surface des cellules immunitaires) (8). Par exemple, une étude chez des
sujets agés aurait démontré qu’un regroupement de biomarqueurs incluant 1’IL-6, la hs-
CRP, I’hormone thyroidienne et la transthyrétine serait positivement et indépendamment

associé a la mortalité, alors que chaque biomarqueur pris séparément serait peu informatif

(324).

De plus, bien que les différents facteurs nutritionnels évalués dans ce projet de doctorat
aient globalement eu peu d’influence sur le profil inflammatoire des participants, nous ne
pouvons pas écarter la possibilité, sur le plan génétique, que ces facteurs nutritionnels
puissent exercer un impact différent sur le profil inflammatoire en fonction de
polymorphismes présents dans les génes des participants. Toutefois, comme cette avenue
n’a pas été explorée, je ne suis pas vraiment en mesure de me prononcer davantage sur le

sujet.

Pour terminer, je crois que la nature diversifiée de ce projet de doctorat sur I’alimentation et
I’inflammation et le constat global qui en ressort nous permettent de prendre conscience de
I’importance de planifier judicieusement les études que 1’on désire réaliser concernant,
entre autres, le choix des participants (caractéristiques, taille de 1’échantillon), le choix des
interventions (si applicable ; incluant le choix de I’intervention « témoin »), le choix de la

méthode d’évaluation alimentaire, le choix des paramétres inflammatoires a mesurer et le
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choix des analyses a effectuer. Cela dit, je ne remets aucunement en question les projets de
recherche/travaux qui ont été réalisés. Je veux simplement dire que bien que ce projet de
doctorat réponde a quelques interrogations entourant les liens entre ’alimentation et
I’inflammation, je crois qu’il souléve autant sinon plus de questions qui demeurent sans
réponse. La bonne nouvelle est que les quelques réponses obtenues et les nombreuses
questions qu’elles soulévent peuvent constituer la base méme de travaux futurs dans le
domaine. Ce projet m’a également permis de prendre conscience que chaque type
d’approche expérimentale est nécessaire en recherche afin de se forger une idée globale et

réaliste sur un sujet.
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ANNEXE A :
La répartition des Autochtones sur le territoire

Les 17 régions administratives du Québec

01 Bas-Sant-Laurent 07 Outacusls 12 Chaudére-Appalaches
02 Saguenay-Lac-Sant-Jeen 08 Abitbi-Témiscamingue 13 Laval

08 Capitale-Nationale 08 Cote-Nord 14 Lenaudére

04 Mauricle 10 Nord-du-Québec 15 Laurentides

06 Estrie 11 Gaspésieies- 18 Montéragie

06 Montraal de4a-Maosieina 17 Cantre-au-Québec

Carte du Québec illustrant la situation géographique des différents villages autochtones de la province, dont
les villages cris (points oranges) et les villages inuits (igloos blancs). Source : Secrétariat aux affaires
autochtones, Ministére du Conseil exécutif, Gouvernement du Québec, 2011. Document reproduit avec la
permission du Centre de services partagés du Gouvernement du Québec.
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ANNEXE B :

’ETU]?E DE POPULATION DES CONCENTRATIONS
ELEVEES DE LA PROTEINE C-REACTIVE CHEZ LES
INUITS DU NUNAVIK

Labonté ME, Dewailly E, Chateau-Degat ML, Couture P, Lamarche B.

Population-based study of high plasma C-reactive protein concentrations among the
Inuit of Nunavik

Int J Circumpolar Health. 2012;71:19066.
http://dx.doi.org/10.3402/ijch.v71i0.19066

Copyright 2012 Marie-Eve Labonté et al.
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RESUME

L’impact de la transition d’un mode de vie traditionnel vers un mode de vie « américanisé »
sur la hs-CRP, un biomarqueur pro-inflammatoire, n’a pas ¢t¢ documenté a ce jour dans la
population inuite du Nunavik. Dans cette étude transversale, nous avons évalué la
prévalence de concentrations ¢levées de la hs-CRP chez les Inuits du Nunavik (province de
Québec) et identifié les facteurs de risque anthropométriques, biochimiques et reliés au
mode de vie associés a des concentrations élevées de la hs-CRP. Un échantillon
représentatif de la population inuite constitué de 801 résidents des 14 villages cotiers du
Nunavik, agés entre 18 et 74 ans, a été inclus dans les analyses. Les individus ont participé
a une session clinique et complété des questionnaires sur leur mode de vie. Des analyses de
régression logistique multivariées ont été utilisées pour déterminer les facteurs de risque de
présenter des concentrations élevées de la hs-CRP. Des concentrations ¢élevées de la hs-
CRP (> 2 mg/L) étaient présentes chez 32,7% (IC 95% 29,5-35,8) de la population inuite et
¢taient davantage prévalentes chez les femmes que chez les hommes (36,7% vs 29,0%, P =
0,007). Les analyses de régression logistique multivariées ont indiqué que chaque
augmentation de 1 mmHg de la tension artérielle systolique était associée a une
augmentation de 3% de la probabilité de présenter des concentrations de la hs-CRP plus
grandes ou égales a 2 mg/L (IC 95% 1,01-1,04). La combinaison d’un age avancé (= 50 vs
< 30 ans) et d’un tour de taille ¢élevé (valeurs seuil spécifiques a chaque sexe) dans une
analyse de régression logistique multivariée était également associée a une augmentation de
13,3 fois des probabilités de présenter des concentrations de la hs-CRP plus grandes ou
égales a 2 mg/L (IC 95% 5,8-30,9). Ces résultats suggerent que des concentrations €levées
de la hs-CRP sont relativement prévalentes chez les Inuits avec des valeurs similaires a
celles observées dans la population canadienne caucasienne. Le sexe, 1’age, le tour de taille
et la tension artérielle systolique sont les principaux facteurs qui augmentent le risque de
présenter ce phénotype inflammatoire chez les Inuits du Nunavik malgré leur mode de vie

initialement différent de celui des Caucasiens.
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ABSTRACT

Background: The shift away from traditional lifestyle in the Inuit population over the last
few decades has been associated with an increased prevalence of coronary heart disease
(CHD) risk factors such as obesity, high blood pressure, and diabetes. However, the impact
of this transition on the pro-inflammatory marker high-sensitivity C-reactive protein (hs-
CRP) has not been documented. Objectives: To examine the prevalence of elevated plasma
hs-CRP concentrations in Inuit from Nunavik in the province of Quebec (Canada) and
identify anthropometric, biochemical and lifestyle risk factors associated with elevated hs-
CRP. Design: A population-representative sample of 801 Inuit residents from fourteen
villages of Nunavik, aged between 18-74 years, were included in the analyses. Subjects
participated in a clinical session and completed questionnaires on lifestyle. Multivariate
logistic regression was used to determine risk factors for elevated hs-CRP. Results:
Elevated plasma hs-CRP concentrations (>2 mg/L) were present in 32.7% (95% confidence
interval (CI) 29.5-35.8) of the Inuit adult population and were more prevalent among
women than among men (36.7% vs. 29.0%, P=0.007). Multivariate logistic regression
analysis indicated that every 1 mmHg increase in systolic blood pressure was associated
with a 3% increase in the odds of having hs-CRP concentrations >2 mg/L in the Inuit
population (95% CI 1.01-1.04). The combination of older age (=50 vs. <30 years) and
elevated waist circumference (gender-specific cut-off values) in a multivariate logistic
model was also associated with a 13.3-fold increase in the odds of having plasma hs-CRP
concentrations >2 mg/L (95% CI 5.8-30.9). Conclusions: These data indicate that elevated
hs-CRP is relatively prevalent among Inuit with values that are similar to those seen in
Canadian Caucasian populations. Sex, age, waist circumference, and systolic blood
pressure are major factors that increase the risk of this inflammatory phenotype among

Inuit from Nunavik, despite its different lifestyle background compared with Caucasians.
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INTRODUCTION

Inuit populations have experienced an important transition from a traditional to a
modernized lifestyle over the last decades (1). This shift away from the traditional Inuit
lifestyle has been associated with an increased prevalence of coronary heart disease (CHD)
risk factors such as obesity (2,3), high blood pressure (2), and diabetes (4). High-sensitivity
C-reactive protein (hs-CRP), a pro-inflammatory marker that has previously been shown to
independently predict CHD outcomes in Caucasian populations (5,6), has recently been
positively associated with cardiovascular disease (CVD) prevalence and carotid intima
media thickness in the Inuit population of Alaska (7,8). Such data in Canadian Inuit

populations have not been described yet.

This study investigated for the first time the prevalence of elevated plasma hs-CRP
concentrations in Inuit from Nunavik in Northern Quebec and identified its risk factors,
including anthropometric, biochemical and lifestyle characteristics, using unique data from

the Nunavik Inuit Health Survey (NIHS) 2004 entitled “Qanuippitaa? -- How are we?” (9).
METHODS

The present cross-sectional study included Inuit residents aged 18 years or more who
participated in the extensive NIHS between August 27" and October 1% 2004. Residents of
collective dwellings (i.e. hotels, hospitals, jails) and households in which there were no
Inuit aged 18 years or more were excluded. The survey used a stratified random sampling
of private Inuit households across the fourteen coastal villages of Nunavik, Quebec. The
assumption was that recruiting members of households rather than specific individuals
would increase coverage of the target population. To obtain a good representation of each
community, a proportional allocation of sample units based on households was chosen.

Details of the sampling process and other methodological aspects are reported elsewhere

9).

Ethics committees of Laval University and Institut national de santé publique du Québec
approved the survey. All participants provided written informed consent after watching a

video describing the study.
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Clinical measures

The NIHS data collection included a 3-h clinical session conducted by research team nurses
aboard the Canadian Coast Guard ship (CCGS) Amundsen, which visited each of the
fourteen coastal villages of Nunavik. During the session, participants had to answer a

clinical questionnaire. They also had a blood test and physical measurements were taken.

Height, body weight, body fat composition and waist circumference measurements were
described previously (10). Elevated waist circumference was defined as > 90 cm in men
and > 80 cm in women according to the International Diabetes Federation (IDF)
classification of central obesity for First Nations (11). Blood pressure (BP) was measured
according to the Canadian Coalition for High Blood Pressure technique (12). The presence
of the metabolic syndrome (MetS) was determined using the IDF classification in First

Nations (11). Diagnosis of type 2 diabetes status was based on self report.

Participants were advised to fast for at least 8 h prior to blood sample collection. Collected
blood samples were centrifuged and stored at -80°C onboard the CCGS Amundsen and
then sent at the Centre Hospitalier Universitaire de Québec analyses of the cardiometabolic
risk factors (2). Plasma hs-CRP concentrations were measured using a commercially
available, highly sensitive CRP assay (Behring Latex-Enhanced on the Behring
Nephelometer BN-100; Behring Diagnostic, Westwood, Mass) and the calibrators provided
by the manufacturer (N Rheumatology Standards SL; Behring Diagnostic). The mean
interassay coefficient of variation for plasma hs-CRP concentrations was less than 1% at

low and high plasma hs-CRP concentrations, as previously described (13).
Lifestyle and socioeconomic data

Participants completed an individual questionnaire administered in face-to-face interviews.
It collected, among other information, data on living habits (e.g. smoking, physical activity)
and socioeconomic characteristics (e.g. education level). A confidential questionnaire was
self-administered to participants to document more delicate subjects such as alcohol use.

Examples of the questionnaires can be viewed in the methodological report of the survey
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(9). Classification of participants according to smoking status, drinking habits, physical

activity levels and education level is described in Supplemental File 1.
Statistical analyses

Elevated plasma hs-CRP concentrations were defined as > 2.0 mg/L, as suggested by the
2009 Canadian guidelines for the diagnosis and treatment of dyslipidemia and prevention
of CVD in the adult (14). As body mass index (BMI) may overestimate the prevalence of
overweight and obesity among the Inuit (15), we used waist circumference and body fat

composition (%) to evaluate the impact of adiposity on hs-CRP concentrations.

Statistical analyses were performed using the SAS software (version 9.2; SAS Institute,
Cary, NC). Differences in characteristics of men vs. women were assessed using Student’s
t-tests for continuous variables and the Chi-square test for categorical data. The Chi-square
test was also performed to compare the prevalence of elevated plasma hs-CRP
concentrations between subgroups of individuals stratified on the basis of sex
(men/women), age (< 30, 30-49, > 50 years), waist circumference (low/high), and MetS

(yes/no).

Multivariate logistic regression analysis was used to characterize the risk of elevated
plasma hs-CRP concentrations according to lifestyle, anthropometric and biochemical
variables. Odds ratio (OR) with 95% confidence intervals (CI) were calculated for each
variable individually, using a multivariate model that included sex, age, waist
circumference, and smoking as covariates. The model also took into account missing values
for each of the predictor variables. In order to estimate missing data for continuous
variables, multiple imputation (MI procedure in SAS) was performed prior to logistic
regression analysis using the Markov Chain Monte Carlo method with a single chain to
create five imputations (16). Missing data for categorical variables were adjusted for in the
logistic model by including, for each variable, a separate group representing subjects with
missing data. Because results from “missing data” subgroups are not interpretable and data
assumed to be missing at random, their respective OR are not presented. Percent missing
data for each independent variable in the models was 0% (no missing data) for sex and age;

0.4% for low-density lipoprotein cholesterol (LDL-C), high-density lipoprotein cholesterol
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(HDL-C), triacylglycerol (TG), and glucose; 0.9% for insulin; 3.1% for systolic and
diastolic BP; 4.0% for waist circumference; 6.5% for smoking; 8.0% for physical activity;
8.2% for education level; and 23.5% for drinking habits. Finally, all variables were
analyzed simultaneously in a single multivariate logistic model to determine overall which
risk factors remained significant and independent from one another. Two-way interactions
among variables were also investigated using specific interaction terms in the multivariate
logistic model. Significant interactions are presented graphically using different strata of

relevant variables.

All data were analysed by the bootstrap technique in order to account for the complex
sampling strategy employed and to correct for related sampling errors (SURVEY procedure
in SAS or SUDAAN software (RTI International, NC) when the procedure was unavailable
in SAS). All analyses were weighted to achieve population representativeness. Weights
were adapted to the non-response rate of each measurement instrument. Since all results
were weighted, the number of participants included in analyses is indicated for
informational purposes only. Non-normally distributed variables were log-transformed

prior to analysis. Statistical significance was set at a P value of <0.05.
RESULTS

Figure 1 illustrates the flow of participants throughout the study. Analyses were based on a
sample of 801 Inuit adults among 919 recruited participants from whom a blood sample
was taken. Twenty participants were excluded from analyses because they were non-Inuit,
twenty-six women were excluded because they were pregnant and fourteen subjects were
excluded because of missing data on hs-CRP concentrations. Fifty-eight subjects (7.0% of
the population, 95% CI 5.3-8.7) were excluded because their hs-CRP concentrations were >

10 mg/L, which is indicative of an active acute inflammatory response (17).

Characteristics of the participants, stratified by sex, are shown in Table 1. Compared with
women, men were generally characterized by a deteriorated metabolic profile including
lower plasma HDL-C and apolipoprotein (apo) Al concentrations as well as higher total-
C/HDL-C ratio and blood pressure (all £<0.0001). Women had higher plasma interleukin
(IL)-6 and tumor necrosis factor-alpha (TNF-a)) concentrations than men (both P=0.006).
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Estimated proportion of individuals with plasma hs-CRP concentrations > 2.0 mg/L among
the Nunavik Inuit population was 32.7% (95% CI 29.5-35.8). The estimated proportion of
the population with plasma hs-CRP concentrations > 3.0 mg/L was 21.4% (95% CI 18.7-
24.0). As shown in Figure 2, elevated plasma hs-CRP concentrations (> 2.0 mg/L) were
more prevalent among women than among men (P=0.007). The prevalence of elevated hs-
CRP concentrations also increased with age, waist circumference, and presence of MetS

(Figure 2).

As shown in Table 2, age and waist circumference were significantly associated with the
odds of having plasma hs-CRP concentrations > 2.0 mg/L (all P<0.003) in a multivariate
logistic model that also included sex and smoking as covariates. HDL-C, TG (log
transformed), insulin (log transformed), systolic BP, and diastolic BP were also
significantly associated with the odds of having plasma hs-CRP concentrations > 2.0 mg/L
(all P<0.008; Table 2) when considered individually with adjustment for sex, age, waist
circumference and smoking. When considering all risk factors simultaneously in a single
multivariate model, only age, waist circumference and systolic BP remained significantly
and independently associated with the odds of having plasma hs-CRP concentrations > 2.0
mg/L (all P<0.02; not shown). Female sex was also significantly and independently
associated with the odds of having plasma hs-CRP concentrations > 2.0 mg/L in this single
multivariate model (OR=1.54; 95% CI 1.04-2.28; P=0.03; not shown). Replacing waist
circumference with percent body fat in the various multivariate logistic models had no
impact on results (not shown). Further adjustment for the use of antihypertensive, diabetic,
and lipid lowering medications or excluding subjects on these medications (7.5%, 3.2%,

and 5.1% of participants, respectively) also yielded similar results (not shown).

A two-way multiplicative interaction was observed between age and waist circumference
on the odds of having elevated plasma hs-CRP concentrations (P interaction=0.04) in a
multivariate logistic model that adjusted for HDL-C, TG (log transformed), insulin (log
transformed), systolic BP, diastolic BP, sex and smoking. This interaction is presented
graphically in Figure 3 using combinations of different strata of age (< 30, 30-49, > 50
years) and waist circumference (low/high based on sex-specific cut-points). The

combination of older age (> 50 vs. < 30 years) and abdominal obesity (> 90 cm in men and
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> 80 cm in women vs. normal waist) was associated with a 13.3-fold increase in the odds of
having high hs-CRP concentrations (95% CI 5.8-30.9, P<0.0001) independent of other risk

factors associated with high hs-CRP concentrations.
DISCUSSION

To the best of our knowledge, this population-based study was the first to determine the
prevalence of elevated plasma hs-CRP concentrations, defined as > 2.0 mg/L, in the Inuit
population from Nunavik. Our results showed that elevated hs-CRP is present in nearly one
third of the Inuit adult population. We identified sex, age, waist circumference, and systolic
BP as the primary risk factors of having plasma hs-CRP concentrations > 2.0 mg/L in this
population. In addition to their independent association with elevated hs-CRP
concentrations, age and waist circumference appear to exert a synergistic influence on hs-

CRP concentrations.

Previous studies have shown that the prevalence of high hs-CRP concentrations in
Canadian aboriginal populations is higher than among individuals of European ancestry
(18,19). Anand et al. (19) have indeed shown that 54.8% of Aboriginals from the Six
Nations Reservation in Ontario, Canada, had elevated hs-CRP concentrations based on a
cut-off of 3.0 mg/L compared with 25.0% of Canadians of European origin. Only 21.4% of
the Nunavik Inuit population in the present study had hs-CRP concentrations > 3.0 mg/L.
The prevalence of elevated hs-CRP concentrations among Inuit adults thus appears to be
less than half than in other Canadian aboriginal populations. The prevalence in the Inuit
population is actually comparable to the prevalence observed in Caucasians, despite the fact
that other CHD risk factors such as obesity and smoking are more prevalent in Inuit vs.
Caucasians (10). Our observation is population-based and therefore most likely to represent
the true prevalence of elevated hs-CRP in the Nunavik Inuit population. Further
investigations are warranted to determine if this relatively low prevalence of high hs-CRP

is also seen in other circumpolar populations.

Our data derived from multivariate logistic regression analysis are consistent with previous
studies that have identified female sex (18-20), aging (21,22), and obesity indices (23,24)

as the most significant and independent predictors of high hs-CRP concentrations. Despite
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a traditional lifestyle background, the Inuit population appears to share similar risk factors
for elevated hs-CRP concentrations as Caucasian populations. This observation is further
supported by similar results gathered in the Canadian Oji-Cree population (18) and in urban

Chinese men facing a rapid lifestyle transition (25).

Very few observational studies have reported an association between systolic BP and
elevated plasma hs-CRP concentrations. Consistent with our data in Inuit, a study in
Australian men and women showed that hypertension (vs. no hypertension) predicted an
increased risk of having elevated hs-CRP concentrations (OR=1.6 in men and 1.4 in women
for hs-CRP concentrations > 3.0 mg/L) even after adjustment for BMI, diabetes status,
total-C, HDL-C, TG, smoking, exercise and, in women, menopausal status and hormone
replacement therapy (26). The positive association between systolic BP and hs-CRP may
reflect the activation of the renin-angiotensin system (RAS) (27,28). Indeed, one of the
main products of the RAS is Angiotensin II (Ang II), a powerful vasoconstrictor that has
been shown to induce inflammation in the vascular wall (28) as well as in the adipose tissue
(29). Increasing evidence suggests that Ang II stimulates the secretion of pro-inflammatory
cytokines such as TNF-a, IL-6, or IL-1B from vascular smooth muscle cells (30,31),
immune cells (32), and adipocytes (33) through activation of the transcription factor
nuclear factor kappa B (NF-kB) (29,34). IL-6 has been shown to upregulate the messenger
RNA (mRNA) transcription of CRP in hepatocytes while IL-1p stimulates CRP mRNA

translation (35).

Finally, the combination of different strata of age and waist circumference in a multivariate
model showed that Inuit of older age with an elevated waist circumference had a 13-fold
increase in their odds of having elevated plasma hs-CRP. Although highly significant, this
estimate has a relatively high degree of imprecision and additional studies are therefore
needed to confirm that Inuit people portrayed by these characteristics should be targeted in
public health interventions aimed at reducing the risk for elevated hs-CRP in the Inuit
population. Most importantly, further research is warranted to investigate how elevated hs-
CRP concentrations relate to future CHD events especially in Inuit showing these

attributes.
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Limitations

First, the cross-sectional design of the study precludes identification of causal associations
between elevated hs-CRP concentrations and identified risk factors. However, the main
correlates of hs-CRP have been determined using a large and representative sample of the
Nunavik Inuit population as well as standardized methods for collection of risk factor data.
Although our analyses were adjusted for several confounders, other factors such as
infectious agents (e.g. helicobacter pylori, zoonoses) may have affected hs-CRP
concentrations upward in the Inuit population. However, the association observed between
inflammation and the MetS in the Persian Gulf Healthy Heart Study was independent of
pathogen burden (36). There is also recent evidence indicating that obesity status remains a

strong predictor of elevated hs-CRP concentrations even above 10 mg/L (37).
CONCLUSION

Elevated hs-CRP concentrations are relatively prevalent among the Nunavik Inuit adult
population with values that resemble those seen in Canadian Caucasian populations, but
that are significantly lower than in other native populations. Well-known risk factors for
elevated hs-CRP including female sex, aging, and waist circumference were identified as
major correlates of this inflammatory phenotype among Inuit, despite their different
lifestyle background compared with Caucasians. The extent to which elevated hs-CRP
concentrations predict future CHD events in the Nunavik Inuit population requires further

assessment using longitudinal, prospective data.
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TABLES

Table 1. Characteristics of a random sample of the Nunavik Inuit adult population.

Characteristics Men* Women* P°
Age (y)° 35.9+0.37 36.7+0.33 0.09
Weight (kg)* 73.8+0.83 65.4+0.68 <0.0001
BMI (kg/m?)° 26.8+0.26 27.6+0.27 0.03
Body fat (%)° 20.9+0.38 31.6+0.41 <0.0001
Waist circumference (cm)° 90.8+0.66 91.3+0.64 0.62
Cholesterol (mmol/L)

Total-C* 4.94+0.05 5.1£0.04 0.0007

LDL-C¢ 2.84+0.04 2.7+0.04 0.17

HDL-C¢ 1.54+0.02 1.8+0.02 <0.0001
Total-C/HDL-C ratio®¢ 3.5+0.06 3.0+0.04 <0.0001
Triacylglycerol (mmol/L)*¢ 1.2+0.04 1.2+0.03 0.12
Apolipoproteins

ApoB100 (g/L) 0.9+0.01 0.9+0.01 0.35

ApoAl (g/L) 1.6+0.01 1.8+0.02 <0.0001
Blood pressure (mmHg)

Systolic® 122.1+0.64 114.9+0.58 <0.0001

Diastolic® 75.5+0.49 72.5+0.39 <0.0001
Inflammatory markers

hs-CRP (mg/L)¢ 1.84+0.09 2.0+0.10 0.38

IL-6 (pg/mL)? 2.1+0.09 2.3£0.09 0.006

TNF-a (pg/mL)¢ 2.1+0.10 2.5+0.13 0.006
Insulin (pmol/L)*4 62.7£3.15 67.1+2.61 0.004
Fasting glucose (mmol/L)%4 4.6+0.05 4.6+0.04 0.38
Physical activity (= 3.5 h/wk, %) 52.7 39.3 0.0002
Smoking (current, %) 75.9 81.4 0.03
Drinking (> 1 drink/day, %) 30.1 232 0.03
Education level (> high school, %) 233 22.6 0.80

Note: Apo = apolipoprotein; BMI = body mass index; C = cholesterol; HDL = high-density
lipoprotein; hs-CRP = high-sensitivity C-reactive protein; IL-6 = interleukin-6; LDL = low

density lipoprotein; TNF-o = tumor necrosis factor-a.
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n=280-367 for men and n=333-434 for women, depending on the variable. Values are
meanstSEM unless stated otherwise. All means were weighted to achieve population
representativeness. Hence, the number of participants is indicated for informational

purposes only.

P values based on a Student's t-test except for physical activity, smoking, drinking and

education level which were determined using the Chi-square test in SAS.
‘These data have already been reported in a previous publication (3).

dVariables were log transformed prior to analysis, but non transformed data are presented

for better interpretability.
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Table 2. Adjusted OR for elevated hs-CRP concentrations according to demographic,

anthropometric, biochemical, and lifestyle risk factors.

Adjusted OR

Variables hs-CRP > 2.0 mg/L? 95% CI P
Sex

Men 1.00

Women 1.06 0.78-1.44 0.71
Age (years)

<30 1.00

30-49 1.63 1.18-2.27 0.003

>50 4.93 3.27-7.42 <0.0001
Waist circumference (cm)®

Low 1.00

High 3.48 2.19-5.53 <0.0001
LDL-C (mmol/L) 0.99 0.82-1.20 0.92
HDL-C (mmol/L) 0.51 0.32-0.81 0.005
Log TG (mmol/L) 3.38 1.59-7.19 0.002
Log fasting glucose (mmol/L) 3.15 0.42-23.61 0.26
Log insulin (pmol/L) 2.20 1.24-3.90 0.007
Systolic BP (mmHg) 1.03 1.01-1.04 0.0001
Diastolic BP (mmHg) 1.02 1.01-1.04 0.008
Physical activity®

< 3.5h/wk 1.00

> 3.5h/wk 0.83 0.61-1.13 0.23
Smoking status?

Non smokers 1.00

Ex smokers 0.51 0.25-1.03 0.06

Current smokers 0.61 0.34-1.10 0.10
Drinking habits®

Never 1.00

Light 0.66 0.39-1.11 0.12

Moderate 0.73 0.40-1.32 0.30
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Heavy 0.80 0.41-1.59 0.53

Education level!

< High school 1.00
= High school 1.05 0.68-1.64 0.82
> High school 1.25 0.69-2.28 0.46

Note: BP = blood pressure; C = cholesterol; CI = confidence intervals; HDL = high-density
lipoprotein; hs-CRP = high-sensitivity C-reactive protein; LDL = low density lipoprotein;
OR = odds ratio; TG = triacylglycerol.

* OR and 95% CI were determined for each variable individually, using a multivariate
logistic regression model in SAS that included sex, age, waist circumference and smoking
status as covariates. The model also took into account missing values for each of the

predictor variables.
®High waist circumference cut-offs were > 90 ¢cm in men and > 80 ¢cm in women.
‘Physical activity < or > 3.5 h/wk for at least one of the four seasons of the previous year.

4“Non smokers” = Inuit not smoking at the time of interview, who also never smoked up to
100 cigarettes in their lifetime; “Ex smokers” = Inuit not smoking at the time of interview,
who smoked a total of 100 cigarettes or more in their lifetime; “Current smokers” =

occasional and daily smokers.

“‘Never drinkers” = no alcohol consumed during the previous year; “Light drinkers” = <1

drink/d; “Moderate drinkers” = 1-2 drinks/d; “Heavy drinkers” = >2 drinks/d.

fThe “= high school” category represents Inuit who completed high school as well as those
who undertook a partial training in a community college, a trade school, a private

commercial college, a technical institute, a CEGEP or a nursing school.
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FIGURES

Total Nunavik population:
¢*|Individuals, n=9632

* 91% identified as Inuit
¢|Inuit households, n=2089

Households to visit during the NIHS:

*Decided prior to the survey, n=677 Non eligible households, n=7
*Vacant accommodations, n=2
R *Accommodations occupied by people not supposed to
be interviewed (non-Inuit), n=3
*Housing units under construction or burned, n=2
Eligible households
n=670 Excluded households, n=149
*Households refusing, n=83
.| *Nobody at home (impossible to reach), n=22
“| *Household members temporarily absent, n=20
- *Impossible to interview due to death, disease or any
Recruited households other unusual situation, n=5
n=521 *Unspecified, n=19
Individuals eligible for the venous blood
puncture
n=1330 Excluded individuals, n=411
*Did not sign the consent form, n=403
*Blood puncture was forgotten due to a large number
of tests and questionnaires completed in a short
period of time, n=3
*Too late (The ship had to leave for another village),
> n=2
*Unsuccessful blood puncture, n=1
*Participant too tired to continue, n=1
*Participant considered to be 17 y old whereas the
date of birth further showed that the participant was
actually 18, n=1
Blood sample obtained
n=919 Excluded blood samples for the purpose of hs-CRP
analyses, n=118
S *Non-Inuit, n=20
*Pregnant women, n=26
*Missing data on hs-CRP, n=14
Individuals included in hs-CRP analyses *hs-CRP concentrations = 10 mg/L, n=58*
n=801

Figure 1. Flow of participants through the Nunavik Inuit Health Survey 2004. *58 subjects
were excluded because they had hs-CRP concentrations > 10 mg/L, which is indicative of

an acute inflammatory response (17).
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Figure 2. Population prevalence of elevated hs-CRP concentrations among Inuit from

Nunavik. Note: hs-CRP = high-sensitivity C-reactive protein; MetS = metabolic syndrome.

Population prevalence of elevated hs-CRP concentrations (> 2.0 mg/L) is presented

according to sex (A), age (B), waist circumference (C) and the presence of MetS (D). P

values for between-groups differences in frequencies were obtained using the Chi-square

test. Values within parentheses are 95% confidence intervals. Prevalence values are

unadjusted for other variables. In panels C and D, high waist circumference cut-offs (> 90

cm in men and > 80 cm in women) and MetS criteria are those suggested by the

International Diabetes Federation (11).
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P interaction=0.04

OR for hs-CRP 2 2.0 mg/L

High Waist

circumference
Low

Age (y)

Figure 3. OR for elevated hs-CRP concentrations according to the combined impact of age
and waist circumference. Note: HDL-C = high-density lipoprotein cholesterol; hs-CRP =
high-sensitivity C-reactive protein; OR = odds ratio. A significant age*waist circumference
multiplicative interaction (P interaction=0.04) was found on the odds of having elevated hs-
CRP concentrations (> 2.0 mg/L) among the Nunavik Inuit population, using a multivariate
logistic regression model. To illustrate the interaction, six groups were created based on the
combination of different strata of age (< 30, 30-49, > 50 years) and waist circumference
(low/high) and were simultaneously entered into a logistic model, with the combination of
age < 30 years and low waist circumference as the reference group (OR=1). OR and 95%
confidence intervals (in parentheses) were obtained for each group and are adjusted for
HDL-C, triacylglycerol (log transformed), insulin (log transformed), systolic blood
pressure, diastolic blood pressure, sex and smoking. Positive associations of female sex and
systolic blood pressure with elevated hs-CRP concentrations remained significant in this
model (P<0.01). High waist circumference cut-offs were > 90 cm in men and > 80 cm in
women, as suggested by the International Diabetes Federation (11). *OR significantly

higher than the reference group, P<0.0003.
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SUPPLEMENTARY FILES

Supplemental File 1. Description of the classification of Nunavik Inuit adults according to

their smoking status, drinking habits, physical activity levels, and education level.

Smoking status: Participants were asked how often they smoked cigarettes at the time of
the interview. Those who were not smoking were also asked if they had smoked (yes or no)
a total of 100 cigarettes or more (about 4 packs) in their lifetime. Hence, participants were
classified according to their smoking status into one of three categories, namely “non
smokers” (not smoking at the time of the interview, including Inuit who never smoked up
to 100 cigarettes in their lifetime), “ex smokers” (not smoking at the time of the interview,
including Inuit who smoked a total of 100 cigarettes or more in their lifetime) and “current

smokers” (occasional and daily smokers).

Drinking habits: Participants were asked if they ever had a drink of alcohol (yes or no),
how often they drank alcoholic beverages in the past 12 mo as well as how many drinks
they usually had on any given occasion. Participants were then classified according to their
daily consumption of alcoholic beverages: “never drinkers” (i.e. Inuit who did not drink
alcohol during the previous year), “light drinkers” (< 1 drink/d), “moderate drinkers” (1-2
drinks/d) and “heavy drinkers” (>2 drinks/d). A drink corresponded to one beer, one glass

of wine or of liquor.

Physical activity levels: Subjects were asked how often they participated into physical
activities such as sport, an outdoor pastime, fitness training, dancing or walking for each of
the four seasons of the previous year. If they participated in physical activities once a week
or more for at least one season, they were asked how many days a week and how much
time on a typical day they engaged in physical activity. Inuit were then classified into two
categories according to the number of hours per week spent on physical activity: <3.5 h/wk
or >3.5 h/wk of physical activity for at least one season during the previous year. Inuit who
participated in physical activities less than once a week for each season of the previous year

were classified in the “<3.5 h/wk” category.
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Education level: Participants were asked what the highest level of schooling they had
undertaken was. Subjects were consequently classified into three categories using the high
school level as a cut-off: “Less than completed high school”, “Completed high school” or
“More than completed high school”. The “Completed high school” category also included
Inuit with a partial training in a community college, a trade school, a private commercial

college, a technical institute, a CEGEP or a nursing school.
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