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« C'est en forgeant que
I'on devient forgeron...



.. et c'est en sciant
que Léonard devint scie. »
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Résumeé

ROle des acides gras dans le métabolisme osseux

Dans le contexte actuel d’allongement de l'espé&rade vie, la prévalence des
maladies liées a I'age telles que I'ostéoporosalegblus en plus importante. Le colt de la
prise en charge de ces pathologies constitue wigme de santé public majeur et la mise en
place de stratégies de prévention nutritionnellaptgbs apparait comme une excellente
solution alternative aux traitements habituels. rieot, I'étude des activités biologiques des
nutriments reste trop marginale pour certains sigtLcertaines catégories de molécules, c’est
notamment le cas du tissu osseux et des lipidepadictulier les acides gras. Ces derniers
sont pourtant capables de moduler le devenir du tisseux que ce soit indirectement par des
mécanismes systémiques ou directement au nivekaucdgule osseuse.

La perte osseuse liée au vieillissement est sowassaciée a I'établissement progressif
d’'une inflammation chronique a bas bruit a I'échale I'organisme. Dans ce contexte, les
niveaux de cytokines pro-inflammatoires telles djugerleukine 6 ou le Tumor Necrosis
Factoro sont augmentés et ces composeés, qui sont connusnglire la résorption osseuse,
pourraient contribuer a la dégradation du squelette

Notre hypothese de travail était que certains Aci@eas Poly-Insaturés (AGPI) a
propriétés anti-inflammatoires pouvaient éventuediat limiter l'inflammation chronique
associée au vieillissement et ainsi contribueréggnver le capital osseux. Dans cette optique,
nous avons utilisé la souris SamP8 qui est un neatkEgrogeriaprésentant, & douze mois, un
phénotype ostéoporotique. Dans ce modele, I'adimiiien d’'un régime délétéere a base
d’huile de tournesol (ratio acide gra® /w3 tres important) aggrave la perte osseuse en
association avec une augmentation des marquelashimiitoires systémiques et osseux ainsi
gu'une augmentation des marqueurs de la résormtsseuse. La supplémentation de ce
régime tournesol avec de I'huile de bourrache olihdgle de poisson permet d’apporter des
quantités importantes d’AGPI anti-inflammatoirescide v-linoléique pour r'huile de
bourrache etw3 pour l'huile de poisson). De maniere intéressaciEs deux régimes
supplémentés permettent, en plus de réduire lesmgdres inflammatoires, de s’opposer a
'augmentation des marqueurs de résorption ossetude limiter la diminution de la densité
minérale de I'os chez ces souris. Cette étude rapt @&n évidence le potentiel santé de
certains AGPI au regard de la préservation du abpsiseux et suggére un role déterminant de
leurs propriétés anti-inflammatoires systémiques.

En paralléle, la description des effets directs @lgdes gras au niveau cellulaire par
I'activation de récepteurs spécifiques occupent piace croissante dans la littérature.
Récemment, le récepteur membranaire GPR40 (G Rroteipled Receptor 40) a été mis en
évidence pour ses interactions avec les acidesligras a longues chaines et nous avons pu
montrer son expression dans les précurseurs oasfigeles. Nous avons donc émis
'hypothése que ce récepteur pourrait jouer un dales la médiation des effets des acides
gras sur les parametres du remodelage osseux.aCalta permis de mettre en évidence
I'existence d’'un phénotype ostéoporotique chezolaris invalidée pour le GPR40. L’effet
protecteur de ce récepteur semble lié principalé@em effet inhibiteur de son activation sur
la différenciationdes ostéoclastes. En effet, I'utilisation de I'aigts spécifigue du GPR40
empéchen vitro la différenciation ostéoclastique par RANKL de xienodeles cellulaires de
maniére GPR40-dépendante. De surcroit, cet agomsteégalement capabla vivo de
s’opposer a une perte osseuse induite chez lass@es résultats révelent pour la premiére
fois I'implication du récepteur GPR40 dans la physi@ogsseuse et apportent la
connaissance d’'une nouvelle possibilité de moduiatliirecte des cellules osseuses par les
acides gras.



Abstract

Role of fatty acids in bone metabolism

With increasing lifespan, prevalence of age-rela@uplications has grown including
skeletal defects such as osteoporosis. Socio-edonoconsequences of these disorders
represent a major public health problem worldwidd & this context, nutritional prevention
strategies may be considered as a good option &sdmriated with usual therapies. However,
biological activities of some nutrients have beea poorly deciphered in regards to their
bone health potential. This is notably true coneeyrfatty acids and both their direct and
indirect relationships with the skeleton.

Age-related bone complications are often assocmidtda gradual establishment of a
systemic low-grade inflammatory condition. Thisdeao high levels of pro-inflammatory
cytokines such as interleukin 6 or tumor necrosistdr o which are known to favour
osteoclast-induced bone resorption. Then, thede frig-inflammatory cytokines levels may
contribute to age associated bone loss.

We hypothesize that in this context, poly-unsaeddttty acids (PUFA) with known
anti-inflammatory properties may counteract boté libw-grade inflammation establishment
and the associated bone loss. Thus, animals freprtgeriamouse model SamP8 were used
and were shown to exhibit osteoporosis at twelvatit Feeding these mice with a deletary
(very high ©6/03 ratio) sunflower oil-based diet results in an aerhated bone loss,
associated with increased systemic and bone infiiom parameters as well as increased
bone resorption markers. Either borage or fistsogplementation of the sunflower oil-based
diet result in high amounts of anti-inflammatory FPA$ in the diet -linoleic acid with
borage oil ando3 with fish oil). Interestingly, mice fed with thevo “supplemented” diets
show reduced inflammatory parameters but also extilevels of bone resorption markers
and preserved bone mineral density. In this wdrk, ione health potential of some PUFAs
was established and was linked to their systentia@tammatory properties.

Besides, fatty acids are increasingly studied gsasing molecules, able to modulate
cell signalling by their interactions with specifieceptors. A few years ago, long chain fatty
acids were shown to be ligands of the membranedaitty acid receptor GPR40 (G Protein
coupled Receptor 40). As we showed GPR40 expressionsteoclast precursors, we
hypothesized that it may be involved in fatty ariduced bone remodelling regulation. In
this study, an osteoporotic phenotype was foundsi#R40-deficient mice. This GPR40-
mediated bone protection seems to involve an atéexlastogenic effect. As a matter of fact,
a GPR40 specific agonist led to blunted RANKL-ineldcosteoclastic differentiation in a
GPR40-dependant way. In addition, this agonist w0 ablein vivo to counteract
ovariectomy-induced bone loss in mice. Thus, ingotent of GPR40 in bone remodelling
was established for the first time in this workinging to light a new mechanism in the fatty
acid-induced modulation of bone metabolism.
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1- Le tissu osseux

1.1 Fonctions du tissu osseux

Que ce soit d’'un point de vue biomécanique ou noditple, le tissu osseux revét une
importance capitale pour I'organisme. C’est unuibautement spécialisé, caractérisé par sa
dureté et une apparente rigidité mais qui n’estgoas autant figé. A l'inverse, il s’agit d’'une
structure dynamique soumise a un remaniement pexipgdr le biais de cellules spécialisées :
il est généré en continu par les ostéoblastesr@eérgt modifié par I'action des ostéocytes et
dégradé par les ostéoclastes. Ces propriétésrimigient de s’autoréparer en cas de fractures,
d’adapter sa masse, sa forme, et son architectdiféeéentes contraintes mécaniques et ainsi
supporter une activité physique tout au long deidatout en gardant sa solidité. De fait, le
tissu osseux est le support mécanique essentishdelette qui va permettre a cet organe
d’assurer la locomotion, de transmettre les forseges de la contraction musculaire pendant
le mouvement et d’assurer la protection des orgamesnes (Pettifor J, Prentice A et al.
2003).

Par ailleurs, il joue également un rdle extrémemargortant dans le maintien de
’lhoméostasie ionique de I'organisme. En effetstien réservoir métabolique de calcium et
de phosphore qui va pouvoir étre sollicité en aabesoin afin de réguler la composition du
fluide extracellulaire.

Enfin, il a récemment été mis en évidence que ssutipossédait également des
activités endocrines lui conférant un réle dan®tulation de I'excrétion rénale du phosphate

et du métabolisme énergétique. (Fukumoto and Magao)
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1.2 Les différents types d’os du squelette humain

Sur la base de leur morphologie, on distingue falement trois catégories d’os (Torotra
and Grabowski 2004Fig.1) :

Os court (Carpe)

Os plat (Pariétal)

Figure 1 : Les différentes morphologies des os du squelette humain

- Les os courts qui ont leurs trois dimensions ibégrment égales.

- Les os plats qui ont une dimension nettement @huste que les deux autres.

- Les os longs qui présentent une dimension bies iphportante que les deux autres.
lIs sont constitués d’'une partie centrale cylindecappelée diaphyse, et de deux extrémités
élargies et arrondies appelées épiphyses, couvddesartilage articulaire. Des régions
coniques, appelées métaphyses, connectent la deghghaque épiphyse. Chez I'animal en
croissance, I'épiphyse est séparée de la métagaysene couche intermédiaire de cartilage
hyalin ou les chondrocytes subissent d’'intensessioins. Il s’agit de la plaque de croissance
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meétaphysaire ou épiphysaire. Chez 'adulte, laysade croissance est remplacée par de I'os
spongieux, ce qui provogue la fusion de I'épiphgsale la métaphyse. La disparition du
cartilage suite a la fusion de deux masses de wgsungieux est appelée soudure (ou

fermeture) des plaques de croissafteg.2).

Meétaphyse Meétaphyse

Epiphyse | Diaphyse ’ Epiphyse

e
/
Cavité Cartilage
Périoste méduliaire Endoste Os articulaire
cortical
Plague de croissance Os
trabéculaire

soudée

Figure 2 : Structure d’un os long
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1.3 Structure macroscopique du tissu osseux

1.3.1 Structure interne
Au sein d’'un méme os, on peut distinguer deux tyfeestructure osseuse sur la base

de leur organisation et de leur porogkey.3).

Canal haversien

Lamelle osseuse

Ostéone

I~ Travée osseuse

Canal de Volkmann
Espace

inter-trabéculaire

L~

Os trabéculaire Os cortical

Figure 3 : Structure microscopique de I'os cortical et de labéculaire

L’os cortical est une structure compacte (porositéprise entre 5 et 30 %) que I'on
retrouve surtout au niveau de la « paroi » de dpliyse des os longs et qui donne son aspect
blanc, lisse et solide a I'os. La structure eststituee d’'un réseau d’ostéones. Un ostéone est
formé par des lames osseuses concentriques dispasémur d’'un canal haversien par ou
passent des capillaires sanguins et des fibreseungeg. Ces canaux haversiens sont reliés
entre eux, avec la surface de 'os et avec la mambeuse par des canaux transversaux ou
obligues (canaux de Volkmann). Chaque ostéone legiéaparallélement a I'axe de la
diaphyse avec un trajet légérement hélicoidal. Elds ostéones, se trouvent des lamelles
osseuses provenant d’ostéones plus anciens résarbéscortical représente 80 % de la
masse d’'un squelette adulte (Bringhurst, Demay. €085).

L’os spongieux ou trabéculaire est une structuns [@che (porosité comprise entre 30

et 90 %) située au centre de la diaphyse, dangdgsns épiphysaires et métaphysaires des os
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longs ainsi qu'au sein des os courts et des os.fdlat structure est formée par un réseau en
trois dimensions de trabécules de tissu osseuxifiéas et anastomosées. C'est dans ce
réseau que prennent place la moelle osseuse ghssaux. L'os trabéculaire ne représente
donc que 20 % de la masse osseuse mais sa swfaledst environ dix fois supérieure a

celle de I'os cortical (Bringhurst, Demay et al03).

1.3.2 Enveloppes osseuses
Le périoste constitue une enveloppe externe de dwd recouvre entiérement a

I'exception des zones correspondant aux pointscdéaes des ligaments et tendons au niveau
des surfaces articulaires. C’est une structureviagsularisée, organisée en deux feuillets. Le
feuillet externe correspond au périoste fibreuxagiiformé par un réseau dense de fibres de
collagéne. Le feuillet interne quant a lui est aperioste cellulaire car il abrite des cellules
souches mésenchymateuses, des ostéoblastes atéledastes. Ces populations cellulaires
jouent un réle important pendant le développemenpermettant une croissance de I'os en
épaisseur ainsi qu'au niveau de I'os « adulte elm$ assurent son renouvellement.

Au niveau de la face interne de I'os, on trouve aunie enveloppe qui est I'endoste. Il
existe I'endoste cortical qui tapisse I'os compactniveau de la cavité médullaire, 'endoste
trabéculaire sur les travées osseuses bordant &élemainsi que I'endoste ostéonien qui
tapisse les canaux haversiens. Dans tous lesmasirouve au niveau de cette enveloppe les
mémes populations cellulaires que celles obseraéesiveau du périoste cellulaire. Cette
similitude vient de I'existence d’'une continuité&rmenl’endoste et le périoste cellulaire via des

canaux (canaux de Volkman) au niveau des canawersians (Toppets, Pastoret et al. 2004).
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1.4 Composition du tissu 0sSseux

=~

.

P Matrice extracellulaire

e Phase Organique (ostéoide)

Pool ceIIuIaire

| Phase minérale |

Figure 4 : Composition du tissu osseux

1.4.1 La matrice extracellulaire
Le tissu osseux est constitué, dans sa grandeitéajmar de la matrice extracellulaire.

Celle-ci occupe en effet entre 92 et 95 % du voltissilaire. Elle est constituée d’'une phase
organique (25 %) et d'une phase inorganique (7%5F4)4).

La phase organique de la matrice extracellulaipgéseente donc environ 20 % de la
masse osseuse et forme 'ostéoide qui est erafaiibstance a partir de laquelle va pouvoir
s’accomplir la minéralisation de l'os.

L’ostéoide est constitué a 90 % de substance léilval incluant des protéines
structurales (collagéne et élastine) ou adhérdfibeenectine). Le collagéne de type 1 est trés
largement majoritaire au sein de cette substabciidire et se trouve donc étre le constituant
essentiel de l'ostéoide. Il est formé de 'assegwlde trois chaines alpha de polypeptides
synthétisées par l'ostéoblaste et excrétées pan-adehfin de former un réseau fibreux
régulier. Ce réseau de collagene va servir de stupda minéralisation de I'os puisque c’est
sur celui-ci que vont se fixer les cristaux d’hydrapatite. Par ailleurs I'orientation contrdlée
des fibres de collagéne va déterminer la résistatecd’os aux forces de tensions. La
substance interfibrillaire correspond aux 10 %anmeist et englobe des glycosaminoglycanes,

des protéoglycanes, quelques lipides et des petitéSines non collagéniques. Ces dernieres,
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comme l'ostéopontine, I'ostéonectine, I'ostéocadoat les sialoprotéines ont un réle clef dans
la régulation de la formation de la matrice oss€lisppets, Pastoret et al. 2004).

Comme évoqué précédemment, une des grandes fandiortissu osseux est le
stockage de sels minéraux. Cette réserve est tecofastituée par la partie inorganique de la
matrice extracellulaire osseuse qui représente ¢ee0 % de la masse osseuse. Les sels
minéraux qui y sont les plus abondants sont ldwal€27 %) et le phosphore (12 %) dans un
ratio égal a 1,66 (Toppets, Pastoret et al. 200d)te phase inorganique est donc constituée
par la minéralisation de l'ostéoide formé au pidalalLe processus de minéralisation
correspond a un dépot de sels minéraux au seia h@trice organique et majoritairement de
calcium et de phosphate qui vont précipiter poamtr les cristaux stables d’hydroxyapatite
(Cal0 (PO4) 6(0OH) 2). La formation de ces cristali@st possible gu’en présence de
concentrations trés élevées dé'Ga de PQ.

Ces concentrations sont obtenues grace a I'aetilgs cellules ostéoformatrices. Les
ostéoblastes génerent des vésicules qui vont bominge au niveau de leur pble apical, et se
déposer dans la matri¢eig.5).

Vésicule matricielle

Ostéoblaste

Ostéoide

Ostéoide en cours
de minéralisation

Figure 5 : Initialisation de la minéralisation de I'ostéoijoir I'ostéoblaste : Role des
vésicules matricielles

21



Ces vésicules sont riches en phosphatases alcatieasannexines ce qui va permettre
I'accumulation de CH et de P@. La formation des cristaux commence au sein désicule
puis ceux-ci vont progressivement en sortir au €ale leur croissance et ainsi entrer en
contact avec l'ostéoide (Orimo 2010). Les vésiculegntiennent également des
pyrophosphatases qui vont «récupérer » les iong ®&@artir de molécules plus grosses.
Enfin, I'ostéocalcine ainsi que d’autres protéinesa collagéniques, qui sont des composantes
de l'ostéoide sécrété préalablement, pourraientuieode processus de minéralisation,
notamment par la captation d'ions“axtracellulaires (Boskey 1998).

Ces difféerents mécanismes permettent donc la préogn initiale des cristaux
d’hydroxyapatite qui sera suivie par une augmemnatie leur taille par un phénomeéne
d’accrétion et par une confluence des différenyeif® de cristaux.

Le calcium et le phosphate ne sont pas les seanitgants de la matrice, on y trouve
également du sodium, des carbonates du magnéesiunmaou du fluor (Toppets, Pastoret et
al. 2004).

1.4.2 Les cellules osseuses
Il'y a quatre principaux types cellulaires qui vpermettre la formation et I'entretien

du tissu osseux. Il s’agit des ostéoblastes, désooges, des cellules bordantes et des

ostéoclastes.

1.4.2.1 Les ostéoblastes

Les précurseurs des ostéoblastes sont les cekaleshes mésenchymateuses du
stroma médullaire. Ces derniéres sont des cellpil@gpotentes qui ont la capacité de se
différencier en ostéoblastes, en chondrocytes, d@ipoeytes ou en myoblastes. C’est
I'expression de facteurs de transcription spécéf&gui améene ces cellules a entrer dans la
lignée ostéoblastique, devenant ainsi des celldstoprogénitrices(Fig.6). Celles-ci
subissent une importante phase de différenciationc@urs de laquelle elles expriment
progressivement les génes nécessaires a l'aatieité cellule mature. (Marie 2001) Au cours
de cette maturation, ces précurseurs sont égaleanastés au contact de la matrice osseuse

par migration.
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Figure 6 : Origine cellulaire des ostéoblastes, différenciaf partir des cellules souches
mésenchymateuses
( C/EBP : CCAAT/Enhancer Binding ProteirPPAR : Peroxysome Proliferator-Activated Recept&ox : SRY-

type HMG box ;MSX2 : Muscle Segment homeobox PLX : Distal-less homeoboxRunX2 : Runt-domain
transcriptionfactor 2 ;SP7= Osterix ;MRF : Muscle Regulatory FactoMEF : Myeloid Elf-1-like Factor)

Comme évoqué précédemment, I'ostéoblaste a paatiém principale de synthétiser
la matrice osseuse (production du collagéne de lypede protéines non collagéniques) et
d’en contréler la minéralisation (régulation desm@entrations locales en €aet PQ™ pour

permettre la précipitation des cristaux d’hydroxafite) (Boskey 1998; Orimo 2010).

1.4.2.2 Les ostéocytes

Une fois leur tdche accomplie, une large majorigs @stéoblastes meurent par
apoptose. Cependant, une partie d’entre eux seukeint emprisonnés dans la matrice qu’ils
ont générée et se différencient alors en ostéac@es cellules sont reliées entre elles et avec

les cellules de la surface osseuse par des extsnde la membrane cytoplasmidbey.7).
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Figure 7 : Le réseau ostéocytaire (Nataf 2009)

Les ostéocytes sont les cellules les plus abonslatel’os. Elles sont espacées
régulierement dans la matrice en formant un réskeacommunication. Ce sont des cellules
sensibles aux stimuli mécaniques qui détectentdsoib d’'une augmentation ou d’'une
diminution de la formation osseuse dans le procedsadaptation fonctionnelle ou en cas de

micro fractures (Manolagas 2000).

1.4.2.3 Les cellules bordantes

Une autre partie des ostéoblastes qui ont accolegpti fonction d’'ostéogénese se
transforme en cellules bordantes. Ce sont desleslplates et allongées qui se trouvent a la
surface de I'os a I'état quiescent. Ces cellulasstituent une barriére entre I'os et la moelle
osseuse. Elles sont en contact et peuvent commemiauec les ostéocytes, les cellules
stromales et les ostéoclastes. Elles constituentéserve de cellules ostéoblastiques pouvant
étre mobilisées suite a l'action de factelosaux ou systémiques notamment au cours

du remodelage et de la réparation osseusBt{Pdundy et al. 1996).
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1.4.2.4 Les ostéoclastes

Les précurseurs des ostéoclastes sont des ceflalehes hématopoiétiques de la
lignée monocyte/macrophage. L’'ostéoclaste matuteues cellule géante multinucléée,
pouvant atteindre 100uM de diamétre qui est issua dusion de plusieurs préostéoclastes.
L'ostéoclaste est amené sur son lieu d’action &iaitculation sanguine. En son sein, on
trouve des quantités importantes de phosphatagissaésistantes au tartrate contenues dans
les lysosomes. La morphologie des ostéoclastesasetérise par une bordure en brosse
formée par des extensions "en doigts" de la memebrgtoplasmique.

La fonction de la bordure en brosse est la destructe I'os. Autour d’elle se trouve
une zone de la membrane plasmique appelée « zaeliement » qui établit I'ancrage de la
cellule a la matrice osseuse via des intégrineie €Cenfiguration crée un espace fermé qui va
permettre I'établissement d’un micro-environnemesttessaire a la résorption osseuse.

La phase minérale de la matrice osseuse est dispautes ions H sécrétés par des
pompes H - ATPase situées au niveau de la bordure en bedseeque la phase organique
de la matrice est dégradée par l'action des phtapbs acides, de métalloprotéinases et de
cathepsines. La durée de vie des ostéoclasteg d$ urs en moyenne, ils meurent ensuite

par apoptose (Baron 200@)ig.8).

Echangeur
d’'anions

Vésigule
sécrétoire @ HCO3

. - C%nal cl-
intégine \ Cl

l\/lé_tallo - Cathepsines
otéinase S  Phobnhatase s

Figure 8 : Mécanismes deésorption de la matrice osseuse par I'ostéoclaste

(Les échangeurs d’anions pemrettent d’éviter |'tiatiksation du cytoplasme di a I'expulsion des ibhis
par les " ATPases. Les canaux- de la bordure en brosse limitent le aradient éettimiaue
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2- Le remodelage osseux

Le tissu osseux, outre la formation du squelett@amtula croissance, doit assurer la
conservation des propriétés mécaniques de celaiftsj que son adaptation aux contraintes
mécaniques tout au long de la vie de I'organisnae.afleurs, il doit permettre la réparation
d’éventuelles fractures et mettre a dispositionsiels minéraux qu’il stocke. Ces différentes
fonctions vitales nécessitent une grande plastmitéest rendue possible par un perpétuel
remaniement de I'os : le remodelage osseux.

Le remodelage osseux correspond a la destructiomé@orption) par les ostéoclastes
d’un tissu osseux ancien afin d’assurer son rerept@nt par de I'os nouveau géenéré par les
ostéoblastes. Il se déroule au sein de structuiea béfinies qui sont les unités
multicellulaires de base (BMU). On trouve envird®? BMUs actives sur un squelette adulte
en permanence. Le remodelage osseux conduit awwelleament de 10 % du squelette

chaque année.

2.1 Le cycle de remodelage au sein d’'une BMU

La durée de vie d'une BMU est comprise entre 6 miog. Pendant cette période, les
principaux acteurs cellulaires du remodelage, Is®ablastes et les ostéoclastes, y sont
recrutés de facon continue et vont agir d'une nrarti@s contrélée a la fois dans le temps et
dans I'espace.

Classiguement la séquence d'événement est décritpiare phases constituant un
cycle de remodelage. On parle d’'un cycle car kutissseux part d’'un état quiescent pour y

revenir une fois le remodelage effectué (Marie datbout 2008)Fig.9).
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Figure 9 : Le cycledu remodelage osse (d’aprés Marie et al, 200{(Marie and Halbout

- Phase d’activation : La séquence débute par I'activation, en un pooriné du
squelette, des cellules bordantes qui le recouadtat quiescent. Elles se rétractent alors et
des précurseurs ostéoclastigues mononucléés soaté® au niveau de ce qui devient alors
une BMU. Ces précurseurs vont alors fusionner ploumer des ostéoclastes matures
multinucléés. Ces derniers s’attachent alors adtice via les intégrines formant un anneau

de scellement et créant un microenvironnement datre bordure en brosse et la matrice

osseuse (Baron 2008).

- Phase de résorption :Elle correspond a
avec la destruction des phases minérales et ouggmide la matrice osseuse. Cette phase
aboutit a la présence d'une cavité dans I'os apptéune de résorption ou lacune de

Howship (Baron 2008).
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- Phase de réversion Cette phase correspond au détachement des ostésaike la
matrice osseuse et a leur remplacement, au niveala dacune, d’abord par des pré-
ostéoblastes puis par des ostéoblastes actifséduamdation de la matrice osseuse entraine la
libération des éléments qui la constituent. Ellevpguerait notamment une augmentation des
concentrations locales en calcium qui serait cagdbl perturber les phénomeénes d’adhésion
contribuant ainsi au détachement des ostéoclastds ahatrice (Lorget, Kamel et al. 2000).
Par ailleurs, la phase organique de la matriceussseontiendrait également des facteurs

favorisant la formation osseuse (v8i— La Régulation du remodelage osgegui pourrait

participer au recrutement et a l'activation des-gsteoblastes au niveau de la lacune de

Howship (Devescovi, Leonardi et al. 2008).

- Phase de formation :Elle correspond a l'activité des ostéoblastesvaguit €laborer
une nouvelle matrice osseuse pour combler la laclume fois celle-ci synthétisée et
minéralisée, une partie des ostéoblastes va mparriapoptose, une autre, piégée au sein de la
matrice va se différencier en ostéocytes alorsrgpilerniére va venir constituer la couche de

cellules bordantes qui recouvre I'os a I'état qeiees.

2.2 « Balance osseuse »

L’évolution de la structure osseuse va dépendrendesaux d’activité respectifs des
ostéoclastes et des ostéoblastes. La balance espeut donc étre considérée comme la
résultante des passages consécutifs des ostésbéhsles ostéoclastes au sein d’'une BMU.
Schématiquement, si l'activité des ostéoclastepasse celle des ostéoblastes, la lacune
creusée n'est pas entierement comblée et I'os pardlensité. A linverse, si l'activité
ostéoblastique est dominante, le dép6t de matéodormeée va au-dela du comblement de la
lacune et I'os se densifie.

La balance osseuse varie au cours de |&Rrge10). Au moment de la croissance, elle
est naturellement fortement déséquilibrée en fadeda formation osseuse ce qui conduit au
gain de masse osseuse observé depuis la naissago&j debut de 'age adulte. Par la suite,
les deux processus vont s’équilibrer conduisant @anaintien de la densité osseuse pendant
plusieurs années. Durant cette phase, le remodektgeujours actif permettant le maintien
de l'architecture osseuse et 'homéostasie ionigais se déroule sans perte ni gain de masse

osseuse. Enfin, avec I'age la balance va se dddgquien faveur de la résorption en raison
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de plusieurs facteurs (voir régulation du remodelagseux) conduisant a une diminution

progressive du capital osseux.
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Figure 10: Evolution de la densité minérale osseuse au calavik
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3- Reéqulation du remodelage osseux

La plasticité du squelette étant fondamentale ploir permettre d’assurer ses
fonctions, le remodelage osseux est un mécanisgsefitrement contrélé via la modulation
des activités des types cellulaires impliqués darmmocessus. Cette régulation dépend aussi

bien de facteurs locaux que de facteurs systémiques

3.1 Facteurs locaux de réqulation du remodelage osseaun sein
d’'une BMU

3.1.1 Initiation du cycle de remodelage / activation ded résorption
ostéoclastique
Les phases d’activation et de résorption du renaggeteposent sur le recrutement, la

différenciation et I'activation des pré-ostéoclasadin d’'induire la dégradation de la matrice
0sseuse en un point précis du squelette.

Les ostéocytes pourraient étre les acteurs détantsirde ce « choix » de la zone de
matrice osseuse a dégrader. Les ostéocytes satileale percevoir certains stress tels que
les variations d’intensités de la stimulation mégae exercée sur I'os ou la présence de
micro-fractures. Ainsi, en réponse a ces derniéigesntrent en apoptose (Verborgt, Gibson et
al. 2000). La mort ou l'altération des ostéocytemEcapable d’induire la différenciation des
ostéoclastes (Kurata, Heino et al. 2006) et larptgm osseuse (Noble, Peet et al. 2003) (Gu,
Mulari et al. 2005) (Tatsumi, Ishii et al. 2007 mmécanisme apparait essentiel pour le
recrutement des ostéoclastes au niveau de la masgeuse endommagée. De plus, il a été
montré que les ostéoclastes résorbent préféremietit de I'os « agé » (Henriksen, Leeming
et al. 2007) qui est connu pour contenir moins t#osytes viables (Noble, Stevens et al.
1997). D’'un point de vue mécanistique, on pense lggeostéocytes envoient, via leurs
prolongements cytoplasmiques, un ou plusieurs sigaax cellules a la surface de I'os pour
inhiber la différenciation ostéoclastique. Aingut apoptose induirait localement la perte de
ce signal ce qui permettrait la différenciation detéoclastes. Le Transforming Growth
Factorp (TGF) pourrait étre un de ces signaux car cette cy®kist connue pour inhiber
I'ostéoclastogénese et son expression par les aysésoest diminuée lors de leur apoptose
(Heino, Hentunen et al. 2002). Par ailleurs, l'iation de la résorption osseuse induiteivo
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par la mort programmée des ostéocytes chez lassedtiassociée a une augmentation de
I'expression du Receptor Activator of Nuclear Fagt® Ligand (RANKL) au niveau de leur
moelle osseuse suggérant un contréle indirect detélocyte sur l'ostéoclaste via la
production de RANKL par les autres cellules dedade ostéoblastique (cellules bordantes et
ostéoblastes)(Tatsumi, Ishii et al. 2007).

En effet, en dehors des ostéocytes, le conttéla différenciation des ostéoclastes
est bien connu pour étre largement sous le contd@e autres cellules de la lignée
ostéoblastique. Cela vient essentiellement de [ma# de ces cellules a produire des
guantités importantes des facteurs RANKL et Macag@giColony Stimulating Factor (M-
CSF), qui sont a la fois indispensables et suffssaour induire I'ostéoclastogénéese (Wiktor-
Jedrzejczak, Bartocci et al. 1990) (Lacey, Timmalefi998). M-CSF et RANKL travaillent
de concert : M-CSF favorise la prolifération eslavie des précurseurs ostéoclastiques ainsi
gue l'organisation du cytosquelette des celluletunea (Insogna, Sahni et al. 1997). RANKL
guant a lui coordonne la fusion des précurseursitedsant a la formation des ostéoclastes
matures multinucléés tout en augmentant I'actigdiéérésorption de ces cellules différenciées
ainsi que leur durée de vie (Burgess, Qian et @9). De facon intéressante, les souris
déficientes pour le facteur de transcription Rumddin transcription factor 2 (Runx2), qui
sont totalement dépourvues d'ostéoblastes, prégente ostéoclastogénése trés perturbée,
mettant en exergue le rdle crucial des cellules lalelignée ostéoblastique dans le
développement des ostéoclastes (Otto, Thornell 4987; Hoshi, Komori et al. 1999). Par
ailleurs, il a été montré que I'absence d’ostédbksnatures avait peu d’effet sur le devenir
des ostéoclastes, suggérant que les cellules gappanajoritairement I'ostéoclastogénése
sont les précurseurs de la lignée ostéoblastiquresmondant aux cellules stromales ou aux
cellules bordantes de I'os (Corral, Amling et &98).

L’ostéoprotégérine (OPG) est également appeléeeptéur leurre ». En effet, elle est
sécrétée sous la forme d'une protéine soluble qulier RANKL et ainsi empécher son
action. Ainsi,in vivo, les souris surexprimant 'OPG sont ostéopétresgalors que celles
déficientes en OPG présentent une ostéoporoseesasgociée a une activité plus importante
des ostéoclastes. La production de 'OPG est égalene fait des cellules de la lignée
ostéoblastique mais a l'inverse de RANKL, son esggian est d’autant plus forte que le degré

de différenciation des cellules est importdhtg.11) (Hofbauer, Khosla et al. 2000).
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Figure 11 : Controle de I'ostéoclastogénése par les cellulda tignée
ostéoblastique

Enfin, RANKL peut également étre produit par lefutes immunitaires peuplant la
moelle osseuse (Quinn and Saleh 2009) ainsi geetdment par les ostéocytes (Zhao, Zhang
et al. 2002) étendant ainsi la liste des acteuislaiees susceptibles de moduler directement

la résorption osseuse.

3.1.2 Transduction du signal induit par RANKL
RANKL agit via la fixation sur le Receptor Activatof Nuclear Factok B (RANK)

au niveau des précurseurs ostéoclastiques. Ceteacegst logiqguement également essentiel a
la différenciation et la survie des ostéoclastasodfa 2001). La liaison de RANKL a RANK
induit différentes voies de signalisation partiglent imbriguées qui vont conduire a
'activation de facteurs de transcription spécifigupermettant I'expression des génes
nécessaires a la fusion des précurseurs ainsilgevité et a la survie de l'ostéoclaste

mature(Fig.12).
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Figure 12 :Voies de signalisation induisant I'ostéoclastogérativées par la fixation de
RANKL sur son récepteur RANK

(INKK : JNK-activating Kinase MEK : MAPK/ERK kinaseMKK : Mitogen-Activated Protein Kinase
Kinase ;MITF : Microphthalmia-associated Transcription FactBt3K : Phosphoinositide 3-kinas@PK1 :
Pyruvate Dehydrogenase Kinase isozyme 1

La voie du Nuclear Factor Kappa B (NB) est tres fortement induite par I'activation
de RANK par RANKL. Le domaine cytoplasmique de RANKt associé a différents TNF-
Receptor Associated Factors (TRAFs) au sein desuRRAF6 est de loin le plus important
au regard de la transmission du signal lié a latibn de RANKL. En effet, TRAF6 est
indispensable a l'activation de la voie MB-par RANK in vitro (Darnay, Haridas et al.
1998), et son absence se traduit par une ostéspé&téwere chez la souris (Lomaga, Yeh et al.
1999).In vivo, I'absence des facteurs p50 et p52 conduisantdaudble inactivation des voies
NF-xB canonique et alternative induit une ostéopétreéeere chez la souris (lotsova,
Caamano et al. 1997). L’'analyse plus fine des asten amont de ces voies a permis de
mettre en évidence un rbéle majeur de la voie capuendans la différenciation ostéoclastique,
celui de la voie alternative semblant plus margifalocco, Maeda et al. 2005) (Doffinger,
Smahi et al. 2001).

En parallele de la voie N&B, I'activation de RANK induit d’autres voies panifpant

a la différenciation, a la fonction ou a la surdie I'ostéoclaste. Au sein de la famille des
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Mitogen Activated Protein Kinases (MAPKs) RANKL esine I'activation des p38 MAPKs

(Matsumoto, Sudo et al. 2000), des Extracellulgnai-Regulated Kinases (ERK1/2) (Kim,
Jin et al. 2009) et des c-Jun N-terminal Kinasé@$Kg) (David, Sabapathy et al. 2002)
(Yamamoto, Miyazaki et al. 2002) qui vont particigela différenciation de I'ostéoclaste en
activant des facteurs de transcription essentsdsgue le Nuclear Factor of Activated T cells,
calcineurin-dependent 1 (NFATc1) (Takayanagi, Kinale2002; Matsuo, Galson et al. 2004)
ou les membres de la famille Activator Protein P{B®) tels que c-jun, c-fos, JunB ou Fra
(Wagner 2002). L’activité de la kinase cellulac-éc-src) est également induite par RANKL
permettant, entre autre, de favoriser la survitilegle via la phosphorylation de la protéine
kinase B (PKB ou AKT) (Nakashima, Kobayashi e2800).

3.1.3 Régulation des phases de réversion / formation
Afin de permettre au squelette de maintenir so@grite, les lacunes de résorption

laissées par les ostéoclastes doivent étre compsrdiactivité ostéoblastique. Chez I'adulte
en bonne santé, la formation osseuse se déroubd @0 temps au sein d’'une lacune de
résorption (Takahashi, Epker et al. 1964). De médeenhombreuses étud@s vitro ont
montré que les ostéoblastes forment de I'os pnéfiétkement dans les puits de résorption
(Jones, Gray et al. 1994) (Mulari, Qu et al. 20@bhwartz, Lohmann et al. 2000).

Cette « préférence » des ostéoblastes pour les zisnenatrice osseuse résorbées par
les ostéoclastes correspond au phénomene de ceuqiagmodelage osseux. Il implique des
acteurs de régulation locaux produits soit parogoclastes, soit par la résorption osseuse
qui conduisent au recrutement, a la différenciagiba I'activité des ostéoblastes.

La dégradation de la matrice osseuse par les dasées entraine la libération des
eléments qui la constituent. Des éléments se negrduwdonc libérés localement et parmi ceux-
ci, on trouve llnsulin-like Growth Factor 1 (IGH-let le TGFB, deux cytokines qui
pourraient favoriser a la fois le recrutement, iécenciation et l'activité des ostéoblastes
(Mundy and Bonewald 1990) (Hayden, Mohan et al.5)9%ar ailleurs, en plus d’étre
relargués depuis la matrice osseuse, ces deuxufagbeuvent eégalement étre directement
produits par les ostéoclastes (Lazowski, Frahal. 41994) (Robinson, Riggs et al. 1996).

En outre, une étude récente a permis de mettrgidanee que I'Ephrin B2, exprimée
par les ostéoclastes, et 'Ephrin B4, expriméelgmostéoblastes, étaient impliquées dans une
communication réciproque en ces deux types celadail’expression de I'Ephrin B2 des

ostéoclastes conduit a une induction de la formatiseuse via sa fixation sur 'Ephrin B4
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des ostéoblastes. En parallele 'Ephrin B2 estvéetipar 'Ephrin B4 conduisant a une
inhibition de la différenciation ostéoclastique &oh Irie et al. 2006). Etant donné que ce
mécanisme implique un contact direct entre les dgp&s cellulaires, il a été suggéré qu'il
serait impliqué dans la communication entre letulss bordantes et les ostéoclastes, deux
types cellulaires pouvant étre au contact et copuus se réguler réciproquement (Everts,
Delaisse et al. 2002) (Karsdal, Fjording et al. DOQ.'expression de I'Ephrin B2 par les
ostéoclastes contribuerait donc a la conversionced#isles bordantes en ostéoblastes actifs

permettant l'initiation de la formation ossel{5&y.13).

I Ephrin B2
[ 1 Ephrin B4

@ TGFB
@ IGF1

Cellules bordantes

[ ®f

Osteoblaste

Figure 13: Mécanismes impliqués dans le couplage entre résoret formation osseusg

3.2 Réqgulation systémique du remodelage osseux

Les stress mécaniques détectés par les ostéocgtem pas les seuls facteurs
susceptibles de « déclencher » le processus dedetage osseux. En effet, de part ces
fonctions essentiels, le tissu osseux se trouve sowcontrdole d'un nombre important de

facteurs hormonaux systémiques.
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3.2.1 Régulation de 'homéostasie phospho-calcique
Les niveaux sanguins des deux composants minérajoritaires de I'os, le calcium

et le phosphate, sont régulés au niveau de trgenes : I'intestin ou ces ions sont absorbeés,
le rein ou ils sont excrétés et I'os ou ils sontkés sous forme de réserve mobilisable par le
processus de résorption osseuse par les ostésclastemaintien de cette homéostasie
phospho-calcique est sous le contrble de plusidusemones parmi lesquelles, la
Parathormone (PTH), la la, 25-dihydroxy vitamine(I)25(OH) ,-D, forme active de la

vitamine D) et la calcitonine (Bikle 2008).

3.2.1.1 LaPTH

La PTH est sécrétée par les parathyroides. Sa facthe est un peptide de 84 acides
aminés et son rdle principal est de maintenir \eail sérique de calcium en mobilisant les
réserves osseuses, en augmentant son absorpgstinat et sa réabsorption rénéiég.14).
C’est la diminution des niveaux sanguins de calctunva déclencher la production de cette
hormone via un récepteur transmembranaire « senaiblcalcium » présent sur les cellules
des parathyroides (Marx 2000). La PTH sécrétéeapstiement dégradée au niveau du foie
avant d'étre éliminée par les reins et certaingrfrents de la PTH peuvent s’accumuler en cas
d’insuffisance rénale (John, Goodman et al. 198@)niveau du rein, 'hormone va permettre
la réabsorption du calcium filtré et induire la gotion de la forme active de la vitamine D
(Lambers, Bindels et al. 2006). En parallele, edlanduire la résorption au niveau de I'os en
augmentant la prolifération et la différenciaticesstéoclastes par le biais des cellules de la
lignée ostéoblastique qui vont exprimer les fadale régulation locaux pro-ostéoclastiques
tel que RANKL (Fu, Jilka et al. 2002). La PTH a kegaent un effet stimulateur sur la
formation osseuse en favorisant la conversion @disles bordantes en ostéoblastes et en
diminuant I'apoptose de ces derniers (Whitfield,rMyp et al. 2002). En fait, I'effet osseux
final de la PTH semble dépendre de son « rythmaraduction ». En effet, il a été montné,
vitro et in vivo, qu’'une administration en continu de PTH est @®orptive alors qu’'une
administration intermittente s’avére anabolique rpbas (Ishizuya, Yokose et al. 1997;
Hodsman, Hanley et al. 2003).

3.2.1.2 La 1,25(0H),-D

Au niveau de I'organisme, la vitamine D peut pravele deux sources : elle peut étre
formée par I'action des UVs sur le 7-dehydrocheledtde la peau ou étre apportée par

'alimentation. Ces deux modes de production cosehti a des précurseurs structurellement
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légerement différents (Vitamine D3 et Vitamine DB®)ais aux devenirs biologiques
identiques. Pour aboutir a la forme active, cescymi&urs subissent une premiére
hydroxylation dans le foie pour aboutir a la 25(&M)puis une seconde dans le rein pour
former le métabolite actif, la 1,25(0OF)D. C’est I'enzyme responsable de cette derniere
transformation, la I+ hydroxylase qui est activée par la PTH dans le peur augmenter la
production de 1,25(0OH}D (Omdahl, Morris et al. 2002). Cette méme enzw@steégalement
inhibée par rétrocontréle en cas d’augmentationtaes de 1,25(0OHy-D (Omdahl, Morris et

al. 2002). Le principal role de la 1,25(OHD est la stimulation de I'absorption intestinal de
calcium (Fig.14) et de phosphate et elle joue également un réleeaau des parathyroides
ou elle limite la production de PTH (Perez, Picotibal. 2008). Au niveau de l'os, la
1,25(0OH) -D possede un effet anabolique par la stimulatienlal différenciation des
ostéoblastes et de leur minéralisation. Il fauenopue des doses trés fortes conduisent a un
effet inverse avec une augmentation de la product®RANKL par les ostéoblastes et donc
a une augmentation de la résorption osseuse. [Da fagportante, des souris déficientes pour
le récepteur de la vitamine D (VDR) mais suppléréestde maniére adéquate en calcium et
en phosphore ne présentent pas de phénotype ossgg&rant I'existence de mécanismes
permettant de compenser I'effet anabolique de OBR%¢-D sur les ostéoblastes (Sutton and
MacDonald 2003).

\ Calcium sérique
@r-/ """""""" @

Parathyroide Thyroide
i '
Intestin Y PTH \qcalcitonine  —-=._._

fAbsorption calcium

@ ARésorption 4’/@ | |

1,25(0H)2-D

? | fRéabsorption calcium

® f: "
Rein
25(0OH)-D

Figure 14 :Mécanismes de maintien de 'hnoméostasie calciquits par la
diminution du niveau sérique de calci
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3.2.1.3 La calcitonine

La calcitonine est un peptide de 32 acides amigéség par les cellules C de la
thyroide. Cette hormone agit directement sur ldgoatastes matures qui expriment son
récepteur en diminuant leur activité de résorptbren augmentant leur apoptose (Turner,
Tjahyono et al. 2010). A linverse de la PTH, saduction est déclenchée par une

augmentation des taux sériques de calcium (Kantanmn et al. 2009(Fig.14).

3.2.2 Régulations par les hormones sexuelles

3.2.2.1 Les cestrogénes

Les cestrogenes sont probablement les facteurdussirpportants pour le maintien
d’'un remodelage osseux adéquat. La déficience géstiqque entraine une augmentation de la
résorption osseuse qui surpasse la formation iadtiisne perte de masse osseuse. Cela est
observé chez la femme ménopausée, chez 'hommenaés une production cestrogénique
déficiente (Jones, Boon et al. 2006) ainsi que dasgnodéles d’animaux ovariectomisés
(Nelson, Humphrey et al. 2002). Dans tous les gadraitement par les cestrogénes corrige
cette fragilisation du squelette (Draper 2003) fdal Humphrey et al. 2002).

Les mécanismes pouvant expliquer ce rble ostéapente des cestrogénes sont nombreux
(Fig.15).

- llIs augmentent la production hépatique du factstéogénique IGF-1 (Imai, Kondoh
et al. 2010).

- lIs limitent la production de cytokines pro-infianatoires pro-ostéoclastiques par
certaines cellules immunitaires (Roggia, Gao e2@0D1) (Ryan, Shepherd et al. 2005).

- Le stress oxydant, connu pour favoriser I'ostasitigénese, est également réduit par
les cestrogenes (Wauquier, Leotoing et al. 2009).

- La Follicle Stimulating Hormone (FSH) qui estdiimone pituitaire induisant la
production d’cestrogeénes par I'ovaire est un régulahégatif du remodelage osseux. Or, les
aestrogénes exercent un rétrocontréle négatif surdduction de FSH dont les niveaux
circulants se trouvent augmentés en cas de défeiegstrogénique (Sun, Peng et al. 2006).

- lls agissent également directement au niveaucd#sgles osseuses ou ils limitent
I'activité et augmentent I'apoptose des ostéoctafimkamura, Imai et al. 2007) alors qu’ils
induisent au niveau de l'ostéoblaste, la productid®F-1 (Ernst, Heath et al. 1989), de
TGFJ (Oursler, Cortese et al. 1991) et d’'OPG (Hofbalkiénsla et al. 1999).
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3.2.2.2 Les androgénes

Bien que les cestrogénes soient considérés comnaetsrs majeurs du remodelage
de l'os, la testostérone aurait aussi un rlle ingmbr a jouer, chez I'homme, dans
’lhoméostasie osseuse. D’abord, I'hypogonadisme €hemme agé est un facteur de risque
connu de l'ostéoporose (Callewaert, Boonen etG92 Par ailleurs, bien que les données de
la littérature soient parfois conflictuelles (SngdBeachey et al. 1999), 'administration de
testostérone chez 'lhomme hypogonadique, jeuneggéuaaété montrée comme efficace, sous
certaines conditions (Fink, Ewing et al. 2006), pprévenir la perte osseuse (Behre, Kliesch
et al. 1997) (Katznelson, Finkelstein et al. 1996).

Une partie de l'effet de la testostérone est priamabnt liee a sa capacité a étre
convertie en cestrogéne par 'aromatase P 450 (JBoes et al. 2006). Mais la génétique de
la souris a permis de démontré que la testostéreaie un effet par elle-méme notamment au
niveau des ostéoblastes. Ainsi, les souris détiesepour le récepteur aux androgéenes (AR)

spécifiguement au niveau des ostéoblastes présamtendiminution de leur masse osseuse
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trabéculaire (Chiang, Chiu et al. 2009) alors qables le surexprimant ont le phénotype
trabéculaire inverse mais associé a une réductda thasse osseuse corticale. (Wiren, Zhang
et al. 2004) (Wiren, Semirale et al. 2008).

3.2.3 Le statut redox
Le statut redox de l'organisme est également urarpatre fondamental dans la

détermination du statut osseux. En effet, une auatgtien du stress oxydant se retrouve
associée a de nombreuses situations de perte esstukaugmentation de production
d’especes oxygénées réactives associée est cotadespour activer la difféerenciation des
ostéoclastes et inhiber la différenciation desalgtistes. Annexe 1 :« Oxydative stress in
bone remodeling and diseasefMauquier, Leotoing et al. 200§)age198)

3.2.4 Le statut inflammatoire
De la méme maniere, le processus inflammatoire rgédé nombreuses molécules

(Prostaglandines, Tumor Necrosis Factor(TNF-u)...) susceptibles de déséquilibrer le

remodelage osseux en faveur de la résorption e¢tsmuve donc é€galement associé a des
situations de perte osseusArticle 1: « Fatty acids and bone relationships : | love you...

Neither do | »D - Lipids, inflammation and bor(@age 97)

lIs existent de nombreux autres acteurs systémiqapeables de moduler I'évolution

de la masse osseuse. Ainsi, les glucocorticoides cmnus pour induire a long terme une
diminution de la masse osseuse (Hong, Chen eD@B)2alors que I’hormone de croissance
entraine une accélération des cycles de remodeladavorisant a la fois la formation et la
résorption osseuse, mais avec une résultante amadgour le squelette (Salles 2006). Le
tissu osseux est également sous le contréle desohes du tube digestif, des hormones
pancréatiques et d’adipokinesr{icle 1 : « Fatty acids and bone relationships : | love you...
Neither do | »C - Organs interactior(page 81)

Le remodelage de la matrice osseuse est donc urgssus trées finement contrélé,
gue ce soit au niveau local ou au niveau systémiguee perturbation de ces mécanismes
régulateurs conduit a une altération de la densitéinérale osseuse et/ou une détérioration
de l'architecture osseuse. Avec l'age, le remodelage déséquilibre en faveur de la
résorption conduisant a une diminution progresside la masse osseuse. En dessous d’'un
certain seuil, la fragilisation du squelette induithe augmentation importante du risque de

fracture, on parle d’ostéoporose.
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4- ['ostéoporose

4.1 Définition :

Selon la définition de I'Organisation Mondiale de3anté (OMS), I'ostéoporose est
« une maladie squelettique systémique, progressaracterisée par une faible masse osseuse
et une détérioration da micro-architecture osseuse avec pour conséquenedragilité
osseuse et un accroissement du risque fracturaif#991). Classiquement les fractures
associées a l'ostéoporose sont celles des veri@a&avant bras et du col du fémur.

En se basant sur les études épidémiologiques déambnine relation inverse entre le
risque de fracture et la densité minérale de l\euEe par absorptiométrie biphotonique a
rayon X (DEXA), 'OMS a établi deux seuils permettale distinguer un contenu minéral
osseux normal, une ostéopénie ou une ostéoporesesdliils sont exprimés en T-score qui
correspond a la déviation standard d’'une valeudeatesité minérale osseuse par rapport a la
moyenne d’'un groupe contrble d’adultes jeunes dumen&exe. Ainsi, un T-score > -1
correspond a un contenu minéral osseux normal, stofle compris entre -1 et -2,5
correspond a une ostéopénie et un T-score < -dtrgspond a une situation d’ostéoporose
(Fig.16).

Densit &€ Minérale osseuse
F i

i Déviation standard
Pic de masse osseuse moyen T-score
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Figure 16: Détermination du statut osseux en fonction deetzsidé minérale de I'os
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Cette définition « densitométrique » de 'OMS éald#n 1994, bien qu’imparfaite,
reste encore bien acceptée et la DEXA reste la adétlde référence internationalement
reconnue pour le diagnostic de l'ostéopordBeartl and Frisch 2009). La DEXA est
dorénavant associée a la prise en compte d’audi@suirs de risque afin de déterminer le
risque fracturaire d’'un individu au sein du « FuaetRisk Assessment Tool » (FRAX)
(Rachner, Khosla et al. 2011)

4.2 Classification ?

En 1982, Riggset al proposait de différencier deux types d’ostéoporose
principalement sur la base de leur étiologie (Riggahner et al. 1982).

- L'ostéoporose de type 1, ou post-ménopausiqueeyaiit principalement causée par
la carence cestrogénique chez la femme suite a lopaése et qui se caractériserait
essentielement par une altération du tissu osseh&dulaire.

- L’'ostéoporose de type 2, ou sénile qui seraibtetée plus particulierement chez les
sujets de plus de 70 ans, se caractériserait gaaltération a la fois de I'os cortical et de I'os
trabéculaire, et dont I'étiologie multifactorielrrespondrait aux mécanismes associés au
vieillissement de I'organisme.

Il est tres important de noter que ces deux typestébporose ne sont pas
mutuellement exclusifs. En effet, ils cohabitenhglda plupart des cas et les mécanismes
aboutissant a ces «deux ostéoporoses » sont, lfmsentiel, communs. Ainsi, cette
classification est de moins en moins utilisée asil de plus en plus largement admis que
'ostéoporose de type 1 et de type 2 correspondedes stades différents d’'une méme
pathologie (Raisz 2005).

4.3 Facteurs de risques

En ce qui concerne I'ostéoporose, il faut distinges facteurs de risque de fragilité
osseuse et les facteurs de risque de chute gpiysesouvent, provoquent effectivement les
fractures.

La fragilité osseuse caractéristique de l'ostéoperaest la conséquence d'un
remodelage osseux qui se déséquilibre en faveulad&sorption osseuse au cours du
vieillissement. De fait, I'age est le premier faotée risque de I'ostéoporose. Les antécédents

de fractures constituent un autre parametre esbaqiiils soient personnel ou familiaux.
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Ainsi, le risque individuel d’'une récidive aprés premier tassement vertébral est multiplié
par 8 et I'existence d’une fracture du col fémarhéz la mere double le risque d’avoir la
méme fracture chez la fille. Ce dernier point illasl'importance souvent minorée de la
composante génétique de I'ostéoporose. De parpdimant role protecteur des cestrogenes,
évoqué préalablement, la carence cestrogéniqueitoenshe des causes principales de la
fragilisation de l'os quelle que soit l'origine dmette carence (Ménopause, aménorrhée
prolongée chez les sportives de haut niveau ou lelseanorexiques mentales). Une nutrition
mal adaptée peut également participer a la fragitis des os, notamment les carences en

calcium et/ou phosphore (vob — Nutrition et métabolisme ossg¢uX existe beaucoup

d’autres facteurs de risque pouvant déséquilibeeremodelage osseux en faveur de la
résorption parmi lesquels le manque d’activité e, le tabac, I'alcool, I'usage prolongé
de glucocorticoides ainsi que certaines maladiesnaiues de la thyroide, du foie ou du rein.

Les facteurs de risque de chute sont égalemerdgrali en compte et correspondent
essentiellement a l'altération des fonctions musoes et de la vudFig.17) (Meunier,
Brantus et al. 2005).

Maladies chroniques Age Antécédents de fractures
-Rein -Personnels
-Thyroide -Familiaux

-Foie

Altération de la vue

—

Risgue de chute augmentée

Carence
cestrogénique

A 2
Ostéoporose et
fractures

Altération des fonctions musculaires |

\ Manque d’activité physique Facteurs nutritionnels

-Carence en calcium
-Carence en phosphore

Figure 17 :Facteurs de risques de I'ostéoporose et des femctstéoporotiques
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4.4 Un probleme majeur de santé publique

A I'heure actuelle, on estime que sur 100 femmM@sprésenteront, & un moment de
leur vie, une ostéoporose. Par alilleurs, avec itergation de I'espérance de vie, il est
attendu que ce nombre ne cesse de croitre danstumptoche (Melton, Chrischilles et al.
1992) (Burge, Dawson-Hughes et al. 2007). Au sem ghtients atteints d’ostéoporose, 40%
auront une fracture ostéoporotiqgue majeure (vestatwl du fémur ou avant-bras). Du point
de vue du patient, ces fractures entrainent une gler mobilité et d’autonomie affectant
grandement leur qualité de vie. Plus grave endemefractures ostéoporotiques du col du
fémur et les tassements vertébraux sont associgge @augmentation du taux de mortalité
jusqu'a 20% en raison de I'hospitalisation requisé génére une augmentation des risques
pour d’autres complications (pneumonie ou pathe®dgihrombo-embolique causées par
immobilisation) (Center, Nguyen et al. 1999).

D’'un point de vue économique, les fractures osiémtfues généerent de trés
importantes dépenses de santé publique. Celleglcieint les interventions médicamenteuses
mais aussi les prises en charges hospitalieres1 Biue difficiles a évaluer, les codts
engendrés ont été estimés a 10 milliards d’eurdsueape (Européenne 1999) et 17 milliards
de dollars au Etats-Unis (Keen 2003).

4.5 Les traitements actuels

Les agents pharmacologiques actuellement dispanildlans le traitement de
'ostéoporose peuvent étre classifiés en deux oatsy: les anti-résorptifs qui agissent en
inhibant la résorption osseuse par les ostéoclattéss ostéo-anaboliques qui agissent en
activant la formation osseuse par les ostéoblaSegsendant, de par le couplage existant entre
formation et résorption osseuse, le remodelageurssst globalement freiné au cours d’'un
traitement par les anti-résorptifs et accéléré aurs d'un traitement avec les ostéo-

anaboliques.

4.5.1 Les bisphosphonates
Les bisphosphonates sont des anti-résorptifs pussaqui possedent une grande

spécificité pour les cristaux d’hydroxyapatite ditnsnt la phase minérale de la matrice
osseuse. |l existe plusieurs formulations difféeendvec des modes d’actions cellulaires et
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moléculaires variables mais tous ces composésieattaau final, une nette diminution du
nombre d’ostéoclastes et de la résorption ossdusHicacité de ces composés a limiter
'occurrence de certaines fractures ostéoporotiguég démontrée (Black, Cummings et al.
1996) (Harris, Watts et al. 1999) (Chesnut, Skagle004) (Black, Delmas et al. 2007)
(Lyles, Colon-Emeric et al. 2007)

Les bisphosphonates sont les médicaments les flisesia I'heure actuelle dans le
traitement de I'ostéoporose. Leur principal avaetagt leur grande spécificité pour I'os qui
evite les effets secondaires dans d’autres ti€3eendant, il a été suggéré que les traitements
a tres long terme par les bisphosphonates poutrisiénire une ostéonécrose de la machoire
(Khosla, Burr et al. 2007) ainsi que des fractuhesémur (Lenart, Neviaser et al. 2009). Bien
gu'’il soit difficile a ce stade d’attribuer clairemt ces complications aux bisphosphonates,
des études complémentaires sont nécessaires pairifiecl la situation méme si ces

complications restent tres rares.

4.5.2 Les cestrogenes
Les cestrogenes sont également classés dans léefdesl anti-résorptifs. La carence

cestrogénique étant un des principaux meécanismediquép dans I'établissement de
'ostéoporose, son utilisation thérapeutique poarpkévention de cette pathologie était
naturelle. Cependant, il a été montré en 2003 gsetraitements de substitution hormonale
étaient susceptibles d’augmenter les risques deecadu sein et de maladies cardio-
vasculaires (Cauley, Robbins et al. 2003). Depars, lleur utilisation a grandement diminué.
Actuellement, on conseil leur utilisation a titreépentif pendant les 5 années suivant la

ménopause avant de passer si besoin a un autreséropmme les bisphosphonates.

4.5.3 Le raloxifene : un modulateur sélectif du récepteudes cestrogénes
(SERM)

Le raloxifene est le SERM le plus utilisé dansréétément de I'ostéoporose. Il s’avere
efficace dans la prévention des fractures vertébrahais pas des autres (Ettinger, Black et al.
1999). Il est environ deux fois moins puissant lpsecestrogénes ou les bisphosphonates pour
augmenter la densité minérale de lI'os (Johnell,e8lgh et al. 2002). Tout comme les
cestrogenes, la prise de raloxifene est associéee aawgmentation des maladies thrombo-
emboliques mais pas avec les pathologies coroneareliaques ni le cancer du sein (Barrett-

Connor, Mosca et al. 2006).
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4.5.4 La calcitonine
Les capacités antirésorptives du traitement a leiteaine sont nettement moins

importantes que celles des molécules décrites gukghien que certaines études montrent un
effet bénéfique sur Il'occurrence des fractures opsisotiques vertébrales (MaclLean,
Newberry et al. 2008). En clinique, son utilisatiest de fait limitée aux patients ne pouvant

pas utiliser les autres composés.

4.5.5 Teriparatide (Fragment 1-34 de la parathormone humane)
Ce composé est un agent ostéo-anabolique qui stilaulormation osseuse au-dela

des capacités de résorption des ostéoclastessarduin gain de masse osseuse. |l réduit a la
fois I'occurrence des fractures vertébrales etaldgses (Neer, Arnaud et al. 2001). De plus, il
induit un gain de masse osseuse plus importantejué observé par un traitement avec des
anti-résorptifs (Black, Greenspan et al. 2003).

Il a été montré chez le rat qu'un traitement tredgmgé avec le teriparatide pouvait
induire la formation d’ostéosarcomes (Vahle, Lohgle 2004). Bien que les doses utilisées
dans cette étude correspondent a pres de 40 f@s adlisée chez I'homme, ces données ont
conduits a la non-utilisation de ce composé chepédients a risque pour les ostéosarcomes
et a la réduction des durées de traitement. Umiément de ce fragment de parathormone
est que le gain de masse osseuse induit par tentremt peut étre perdu en quelques mois une
fois le traitement arrété ce qui nécessite I'wiien d'un anti-résorptif par la suite pour

maintenir la densité minérale osseuse.

De part sont colt socio-économique deéja trés lougdi est en plus amené a
augmenter dans les années a venir, I'ostéoporosprésente un véritable défi de santé
publigue. Les traitements médicamenteux existent @it démontré leur efficacité.
Cependant, certains de ces agents pharmacologigpessentent des effets secondaires
indésirables avérés ou qui restent a clarifier. Paiilleurs, en raison de la nature
asymptomatique de la pathologie avant la premiéracture, ils ne sont souvent utilisés
gu'a la suite de celle-ci, pour prévenir les réoids. Ces différents points révelent
importance du développement de stratégies de endon de cette maladie, au sein

desquelles la nutrition trouve tout naturellemers place.

46



5- Nutrition et métabolisme osseux

La premiere ligne de défense du tissu osseux parttdion repose sur une alimentation
apportant, en quantités suffisantes, les principemmxstituants des matrices organiques et

minérales de l'os.

5.1 Le calcium

En tant que constituant majoritaire de la matrisgeose, le calcium joue évidemment
un rble essentiel pour la santé osseuse (2006apgart suffisant de calcium alimentaire est
fondamental a la fois pour le développement du Istpeeet l'atteinte d'un pic de masse
osseuse optimal mais aussi pour limiter la persewse liée a 'age (Foundation 2008).

Des études épidémiologiques ont permis de mettré&vetence que des apports
suffisants en calcium tout au long de la vie peteme¢tde réduire les risques de fractures post-
ménopause de 60% (Heaney 1992). Malheureusemeatpraportion significative de la
population des pays développés reste en dessousamfEsts nutritionnels conseillés
(Cashman 2002). Il faut que les pertes normalesalb&um soient compensées par des apports
suffisants associés a une bonne absorption auundedintestin. Dans le cas contraire, I'os
est utilisé comme source de calcium pour maintiengoncentration extracellulaire (Rizzoli
2008).

Dans une revue analysant les résultats de 52 flige#ervention consistant en une
augmentation des apports nutritionnels calciquespparait que 50 de ces études ont mis en
évidence un effet positif de cette supplémentadigsocié a un remodelage osseux ralenti, une
diminution de la perte osseuse liée a I'age etdiménution du risque de fracture (Heaney
2000).

Ces différents résultats placent le calcium conumenutriment essentiel a la santé
osseuse. Cependant, sa supplémentation peut aussiuver associé a des perturbations
gastro-intestinales et interférer avec I'absorpfitetres constituants importants tels que le
zinc et le fer (Rizzoli 2008). De plus, une étu@e2608 de supplémentation calcique sur des
femmes ménopausées en bonne santé a révélé usaagsale cette supplémentation avec
un risque augmenté d’accidents cardiovasculaire ldsfemmes de plus de 80 ans ayant déja
connu ce type d'accidents (Bolland, Barber et &l08). Ces observations indiquent que
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I'utilisation de la supplémentation calcique datlsniter aux cas ou les apports alimentaires
sont en dessous des apports conseillés.

Au final le calcium est un nutriment essentiel pbacquisition et le maintien de la
masse osseuse, il est d’ailleurs classiquemermgajtitn association avec la vitamine D, chez

les patients présentant une densité minérale os$aibée.

5.2 La vitamine D

La vitamine D est également tres importante poulelenir de la masse osseuse. Elle
contribue a I'absorption du calcium au niveau itited et agit également directement sur le
squelette pour favoriser sa constitution (Foundafif06). La déficience en vitamine D est
connue pour conduire a des défauts de minéralisad® I'os pouvant conduire a une
ostéomalacie. Par ailleurs, une littérature trésrfie permet de considérer la déficience en
vitamine D comme un contributeur important de Bagiorose, notamment via une réduction
de I'absorption du calcium, une perte osseuse @@l une altération musculaire et un risque
augmenté d’hyperparathyroidisme (Foundation 2006).

Un méta-analyse du potentiel anti-fracturaire a@esupplémentation en Vitamine D
chez les personnes agées a permis de montrer guapgerts en vitamine D de l'ordre de
700- 800 IU/jour permettent de réduire le risqudrdetures de la hanche de 26% (Bischoff-
Ferrari, Willett et al. 2005).

Du point de vue de la densité minérale osseus@&value entre 75 et 100 nmol/L la
concentration sérique optimale en vitamine D (BidtRerrari, Giovannucci et al. 2006). Au
niveau mondial, plus de 50 % de la population siattpas ces niveaux circulants de vitamine
D, et pourraient donc bénéficier d’'une augmentatierleurs apports (Gaugris, Heaney et al.
2005). Pour ces personnes, corriger les niveauguss en vitamine D le plus vite possible
est le but a atteindre. Il a été estimé que desré&pjpurnaliers entre 700 et 1000 IU sont
nécessaires pour obtenir des concentrations coespeistre 75 et 100 nmol/L chez I'adulte
(Mosekilde 2008).

La vitamine D est produite naturellement par lamgme, par I'action des UVs
provenant du rayonnement solaire sur la peau. Cepenles études montrent que cette
source de vitamine D n’est pas toujours suffisaf@@ugris, Heaney et al. 2005) nécessitant
un complément par l'alimentation. Les sources danvine D sont limitées dans notre

alimentation. (Poissons gras, foie...) et certaingsmmt opté pour l'autorisation de produits
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enrichis en vitamine D (lait, margarine) qui constnt une option intéressante (Foundation
2006).

5.3 Les protéines

Les protéines sont d’autres constituants esserdegstissus osseux que ce soit d’'un
point de vue structural ou fonctionnel. En ce sémd,logiguement, I'importance d’apports
protéigues alimentaires suffisants est crucialesdatablissement et le maintien du capital
osseux (Promislow, Goodman-Gruen et al. 2002) (i€#es, Looker et al. 2000) (Hannan,
Tucker et al. 2000).

L’augmentation de la quantité de protéines danmgdgéne induit une augmentation du
facteur ostéo-anabolique IGF-1 ce qui pourrait tres un mécanisme permettant
d’expliquer l'effet bénéfiques des regimes hypest@inés sur la masse osseuse (Bonjour,
Schurch et al. 1997) (Dawson-Hughes, Harris €2@04).

A linverse, certaines études épidémiologiques euvgat un effet plutot délétére des
régimes trop riches en protéines (Abelow, Holfordle 1992). La consommation excessive
de protéines pourrait conduire a une augmentatsola ¢ghroduction d’acide dans I'organisme
due au relarguage de protons intervenant au caut®xlydation des acides aminés soufrés
(Rizzoli 2008). Cette acidose peut provoquer unévation de la résorption osseuse, les
ostéoclastes étant activés de facon trés efficacdgs protons extracellulaires (Hoebertz,
Arnett et al. 2003). De méme un pH acide s’avelétdé pour l'activité ostéoblastiquee
vitro (Bushinsky 1995).

Ainsi, ce genre d’acidoses systémiques induit pae alimentation trop riche en
protéines pourrait a long terme induire une hydenegae chronique associée a une
déminéralisation du squelette. Ces régimes hypmeimés, potentiellement acidogénes, sont
bel et bien associés a une augmentation des tacalcdlam urinaire, mais des études récentes
tendent a montrer que ce calcium ne proviendratdeala dégradation du tissu osseux mais
plutét d’'une absorption intestinale potentialiséeergtetter, O'Brien et al. 2005) (Hunt,
Johnson et al. 2009).

Au final, la majorité des études a ce jour vontdén sens d’'un effet bénéfique de
lapport protéique sur la santé osseuse et metantumiére les risques associés a une

nutrition protéique insuffisante.
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5.4 Les nouvelles pistes de la prévention nutritionnedl de

I’'ostéoporose

Depuis maintenant plusieurs années, les stratégiegrévention nutritionnelle de la
perte osseuse a l'origine de I'ostéoporose seldentdéveloppées. Ainsi, au-dela du calcium,
de la vitamine D et des protéines, une littératmportante s’est développée autour de
l'intérét d’'autres nutriments et micronutrimentsseeptibles de contribuer a I'acquisition
et/ou au maintien du capital osseux.

Parmi les nutriments d’intérét, laitamine K occupe une place privilégiée. Les
différents composeés lipophiles regroupés sous Edgion vitamine K présentent un effet
bénéfique sur le squelette via une potentialisatiun processus de minéralisation
ostéocalcine-dépendant. Or la déficience vitamimigy considéré comme un facteur de
risque de l'ostéoporose, est observée de manisez &®quente dans certaines tranches de la
population suggérant qu'un renfort de la vigilande suivi des recommandations
nutritionnelles concernant cette vitamine pours&térer bénéfiqgue Ahnexe 2 :« Vitamine
K et physiologie osseusg@oxam, Davicco et al. 200Qage 209)

Le potentiel ostéoprotecteur devdamine C a également été bien démontré chez la
femme ménopausée, notamment par le biais d'étugdergiologiques révélant une
corrélation positive entre les apports nutritiosre vitamine C et la densité minérale osseuse
(Leveille, LaCroix et al. 1997) (Hall and Greendal®98). Par ailleurs, une étude
d’intervention a mis en évidence un effet poterg&eur de la prise de vitamine C sur un gain
de masse osseuse induit par les cestrogenes etuppkrsentation en calcium (Morton,
Barrett-Connor et al. 2001). L’effet osseux de itamine C proviendrait essentiellement de
ses vertus anti-oxydantes (Dennehy and Tsouroudi®)2et son action activatrice sur la
synthese de collagene.

Les phyto-cestrogénessont des composeés retrouvés dans le régne vegeial
posséde, selon la molécule, des propriétés ageniste antagonistes des cestrogenes
endogenes. Cela est di a des analogies structaialess molécules avec I'cestradiol. Etant
donnée l'importance de la carence cestrogénique Harablissement de l'ostéoporose,
l'intérét potentiel des phyto-cestrogenes danséaetion de la déminéralisation du squelette
est évidente. De plus, des études sur des modelesmwax d’ostéoporose ont permis de
confirmer I'efficacité de certains de ces compopeéar prévenir la perte osseuse (Branca
2003) (Setchell and Lydeking-Olsen 2003) et l'uerdie eux, la génistéine, s’'est avéré

capable de d’améliorer la densité minérale ossebse la femme ménopausée (Morabito,
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Crisafulli et al. 2002). Cependant, cet effet béaned sur la densité minérale osseuse est loin
d’étre retrouvé a chaque fois (Whelan, Jurgens @086) et I'impact de ces molécules sur le
risque fracturaire est inconnu.

Les plantes contiennent encore d’autres micronetnis potentiellement protecteurs
pour la santé osseuse. Lpslyphénols par exemple, constituent une grande famille de
molécules (plusieurs milliers identifiées) qui padsnt un large spectre d’activités
biologiques incluant notamment des vertus anti-axyels et anti-inflammatoires. L'impact de
certains de ces composés sur la santé osseuse &udiée avec, dans certains cas, des
résultats tres encourageant. A titre d’exempleguarcétine, un polyphénol de la classe des
flavonols est capable de préserver les propriétésndraniques de fémurs de rates
ovariectomisées (Horcajada-Molteni and Coxam 2001).

Le point communs de ces micronutriments est leégsgnce en quantité importante
dans les plantes en général et dans les fruitegetnles en particulier. Leurs potentiels
ostéoprotecteur est donc a corréler avec l'effetébdue de la consommation de produits
d’origine végétale sur les parameétres osseux quiesclassiqguement observé dans les études
éepidémiologiques (Tucker, Hannan et al. 1999) (R&@3). Ainsi, méme si bien des choses
restent a découvrir, la littérature s’est considienaent développée dans le domaine des
interactions entre les produits d’origine végétatele métabolisme osseux, appuyant I
importance fondamentale de cette classe d’alimnamnis la santé de notre squelette et révélant

certaines propriétés osseuses individuelles ds laigro constituants.

Ainsi, I'évolution des concepts de prévention ntitthnelle de I'ostéoporose est en
cours. Au-dela du calcium et de la vitamine D, dembreuses autres nutriments et
micronutriments sont a prendre en considération poleurs capacités a influer sur le
remodelage du squelette. Par ailleurs, pour les athés évolutives liees a I'age tel que
'ostéoporose, la pertinence du principe de nutoiti préventive est bien reconnue.
Cependant, I'étude des activités biologiques osesudes nutriments reste trop marginale
pour certaines catégories de molécules. C’est nateant le cas des lipides en général, et
des acides gras en patrticulier. Actuellement, lenmre de personnes atteintes d’obésité est
en nette augmentation et ceci est associé a une utaithn importante au sein de la
population, de la fraction lipidique de l'aliment&n, en quantité et en qualité. Dans ce
contexte, la littérature existante concernant lesopriétés de ces nutriments sur le devenir

du squelette, bien que de taille croissante, resseaiffisante.
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6- La nutrition lipidigue

Les lipides de l'alimentation humaine ou animadatsconstitués de phospholipides,
de stérols, et d’'une tres large majorité de trighges (90%). Ces derniers sont constitués
d’'une molécule de glycérol sur laquelle se trouviixés trois acides graéFig.18) La
spécificité des triglycérides alimentaires reposmcad sur la nature des acides gras le

constituant.

N\MA Acide gras 1
NW\ Acide gras 2
N\/WM Acide gras 3

Glycérol

w

Triglycéride

Figure 18 : Structure d'un triglycéric

6.1 Digestion et sources d’acides gras pour les tissds

I’organisme

Au niveau de l'intestin, I'action combinée des dalmires et de la lipase pancréatique
aboutit a la formation de mycelles contenant dédeacgras et des 2-mono-acylglycérols qui
sont absorbables par les entérocytes. Les triglegiseront reformés au sein de I'entérocyte
et associés a des lipoprotéines pour constituetHglomicrons qui vont assurer le transport
de ces lipides alimentaires, via la circulatiorrsvie tissu adipeux pour les stocker et vers les
tissus utilisateurs (Zinsou 2005).

Au niveau des tissus cibles, les triglycérides eons dans les chylomicrons sont
hydrolysés a nouveau par I'action d’'une lipoprogédipase conduisant a la formation de deux
acides gras et d’'une molécule de 2-mono-acylglyc€&es composés vont pouvoir rentrer
dans les cellules par diffusion en profitant dudggat de concentration existant entre les

milieux intra et extra-cellulaires.
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Les «restes » de chylomicrons sont captés paoiée Au sein de cet organe, des
acides gras peuvent étre synthétisés a partir wgg et d’acides aminés. Ces acides gras,
sous forme de triglycérides, vont étre assemblésc azeux issues des «restes » de
chylomicrons ainsi qu'avec des lipoprotéines pownstituer les Very Low Density
Lipoproteins (VLDL) qui sont relarguées dans lecglation ou elles peuvent, a I'image des
chylomicrons, apporter des acides gras au tisfaeagliou aux autres tissus utilisateurs.

Au niveau des adipocytes, les acides gras sonkégosous forme de triglycérides
constituants une réserve mobilisable. En cas dairbda lipase hormono-sensible est activée
ce qui conduit a I'hydrolyse des triglycérides anda gras libres qui vont étre expulsés de
I'adipocyte et rejoindre la circulation sanguinesain de laquelle ils seront transportés vers
les tissus cibles complexés a I'album{fég.19).

Au final les acides gras sont mis a la dispositlen tissus sous trois formes majeures
circulantes, les chylomicrons, les VLDLs et lesdasi gras libres complexés a I'albumine
(Rennes 2009).

o, friglycér‘ideﬁ- >

Complexe albumine - acides gras e Ac. Gras libres

Cellules | || hépatocyte |

| utilisatrices | triglycérides \

Ac. Gras libres

. Lipoprotéine lipase Biosynthése d’acide gras
. Lipase hormono-sensible /__/'V\
O « Reste » de chylomicron Acides aminés glucose

Figure 19 :Sources d’'acides gras pour les cellules utilisagric
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6.2 Fonctions des acides gras

Les acides gras ont trois fonctions majeures amptinau sein de I'organisme :

- RoOle structural : les acides gras servent a la synthése d'autretedipinotamment les

phospholipides qui forment les membranes autoucelsles et des organites.

- R6le métabolique :les acides gras sont une source majeure d’éneggie lprganisme.
Leur dégradation par le processus [Hexydation va permettre de générer des quantités

importantes d’adénosine triphosphate (ATP)

- Rdle fonctionnel: les acides gras sont les précurseurs de plssim@ssagers intra- et
extracellulaires. Par ailleurs, ils sont aussi @ax-mémes des molécules de signalisation a

part entiere impliquées dans la régulation de @ biologiques fondamentaux.

De maniere intéressante, ces différentes fonctioles acides gras vont dépendre a la
fois de la quantité d’acides gras présents maissue leur nature. Ainsi, une modulation
des triglycérides alimentaire et donc des acideasgtes constituants va avoir in fine de
nombreuses conséquences pour la physiologie deghoisme, y compris pour la

physiologie osseuse.
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7- Objectif du travail de these

Le but de mes travaux a été de déterminer les leseselations qui lient la nutrition
lipidique et les processus de remodelage osseux di#n déduire les mécanismes
fondamentaux nécessaires a [I'élaboration de stemtégutritionnelles rationnelles de
prévention de I'ostéoporose.

Pour ce faire, une analyse bibliographique a etlsg®e concernant les relations existantes
entre les acides gras issus de l'alimentation etdéabolisme osseux. Le but était de définir
un état de I'art et de caractériser, de la manenglus exhaustive possible, les acides gras
potentiellement intéressant pour la préservatiorcajital osseux ainsi que les mécanismes

impliqués décrits jusqu’a présent.Publication _numéro 1 : “ Fatty acid and bone

relationships : | love you... Neither do | »*

Suite a cette revue de la littérature, une étuddeatzention préclinique a été entreprise
visant a évaluer le potentiel protecteur de cestaides gras polyinsaturés (AGPI) a longue
chaine pour I'évolution de la santé osseuse adgel’ Les propriétés anti-inflammatoires,
établies dans la littérature, de certains AGPl&éttestées pour leur capacité a tempérer une
perte osseuse dans un modele muriprdgeria ou I'établissement d’un statut inflammatoire
sub-chronique serait un des mécanismes a l'origieela dégradation du tissu osseux.

Publication _numéro 2 : “Borage and fish oils lifelong supplementation deases

inflammation and improves bone health in a murineadel of senile osteoporosis”

 J
2 ?
AGPI a propriétés anti-inflammatoires

Fiaure 20 :Vieillissemen. inflammation et nerte ossel : nrotection nar les AGPIs
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Par ailleurs, bien que la littérature se dévelogpemaniere trés intéressante concernant
impact des acides gras sur la santé osseusajoesées concernant les mécanismes par
lesquels ces composés modifient le remodelage deleite sont trés parcellaires et ne
permettent pas d’expliquer 'ensemble des phénomehservés. Récemment, les acides gras
a longues chaines ont été décrits comme étangbesds d’'un récepteur couplé aux protéines
G (GPR), le GPR40. Cette découverte confirme quedle des acides gras au sein de
'organisme va bien au-dela de leur role de subsirergétique, ces molécules étant des
molécules de signalisation a part entiere, capabesmoduler, de maniéere directe, la
physiologie cellulaire. Ayant pu vérifier I'expréss du GPR40 au niveau des cellules
osseuses, nous avons cherché a déterminer si epteéc était, ou non, impliqué dans la

régulation du remodelage du squeleReblication numéro 3 :“ The free fatty acid receptor

GPR40 protects from bone loss through inhibition o$teoclast differentiation”

Acide gras a longues chaines
(>C16)

v v v 4 ~DpRAN

vvv

Ostéoclaste

Remodelage 0SSeu X
GPR40

Ostéoblaste

Figure 21 : L’activation du GPR40 par les acides gras a longhegnes au niveau des
cellules osseuses a-t-il un impact sur le processusmodelage ?
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A - Introduction

Industrialized countries face an amplified prevaierof metabolic disorders as a
consequence of increased amount of fat in daily imbake (James 2008). These disorders
have reached record proportions during the lasetdiecades and mostly include obesity and
type 2 diabetes establishments. However, the magralsand economic burdens of these
pathologies lye in their morbitity. As a matterfatt, obesity and type 2 diabetes alter tissue
functions and are associated with complicationdhsag cardio-vascular diseases, cancers,
sarcopenia and osteoporosis as well (Felson, Zektal) 1993).

Regarding locomotor dysfunctions, when associatiekd age-related bone loss, high
fat diets have dramatical impact on osteoporogabéishment (Reid, Ames et al. 1992; Reid,
Plank et al. 1992; Reid 2002), with an increase@@ated-mortality (Adachi, Adami et al.
2010). In fact, osteoporotic fractures can resulip to 20% excess mortality within one year.
Additionally, up to 50% of patients will be disabllehalf of them requiring long term nursing
home care, while only one third fully recover frohip fracture. Current osteoporotic
treatments are limited to drug-based strategiesjelier important side-effects have been
reported, including a greater prevalence of breaster and in a lesser extend osteonecrosis
of the jaw (Rizzoli, Reginster et al. 2011). Thigse clinical observations strongly enlighten
the need for alternative opportunities in the préiom of bone loss.

As a consequence, the epidemic of obesity hasoléacteased number of guidelines
encouraging low fat and energy diets and the dewedémt of low fat products or fat
substitutes as well, in order to reduce associaeplications. However, from a “bone” point
of view, mechanisms linking fat intake to bone @t®n remain quite controversial.

Previous epidemiological studies have demonstratgmbsitive correlation between
Body Mass Index (BMI) and Bone Mineral Density (BMOReid, Ames et al. 1992; Felson,
Zhang et al. 1993; Reid 2002). Nevertheless, thisetation may be attributed to mechanical
stimulation of bone formation or obesity-relatechamced estrogen level (Gimble, Robinson
et al. 1996; Reid 2002; Starcke and Vollmer 200@&)ependently of adiposity effect on bone.
Indeed, when mechanical loading effect of total yoaakight was statistically removed, fat
mass was negatively correlated with bone mass asitiyely associated with bone fractures,
suggesting a detrimental effect of excess adipamitypbone (Blum, Harris et al. 2003; De
Laet, Kanis et al. 2005; Hsu, Venners et al. 2@®0, Liu et al. 2007).
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In another hand, fat quality is also a crucial deieant for bone tissues behavior.
Indeed, far from being only energy substrates,cavogrg body of evidence demonstrate that
influence of fatty acids on bone metabolism widedlies on their origin, structure, relative
concentration and metabolic context. As a mattefaof, depending on their family, fatty
acids may either be beneficial or detrimental todb(Raisz, Alander et al. 1989; Laneuville,
Breuer et al. 1995). For instance, clinical obstovs, consistently witlin vivo andin vitro
data, rather support a bone loss induction bywttefamily, while -3 are believed to protect
bone health (Corwin 2003; Ono, Kaneko et al. 2@&der 2006; Tsutsumi, Xie et al. 2009).
Nevertheless, this debate is quite reductive reggrthe wide range of fatty acid molecules
present in human diet, and the mechanisms of aat@®poorly understood.

Then, according to the literature several downatrgargets may be involved in
mediating fatty acid impact on bone functions. Amdhem, inflammation status has been
extensively investigated as a key parameter fagdsone degradation (De Benedetti, Rucci et
al. 2006). Along with inflammation, oxidative stseglays a central role in bone cell behavior
in the presence of high fatty acid concentratiora{duier, Leotoing et al. 2009). In addition,
in a context of integrated biology, several orgawelved in fatty acids metabolism has been
revealed as potent third protagonist in linkinghhigt diet to altered bone structure.

Finally, recent studies have shown that fatty acmds/ stand as relevant ligands for
membrane-bound or nuclear receptors (Himes andhSiascro, Vogel et al. 1998; Hwang
2001; Briscoe, Tadayyon et al. 2003; Brown, Golds$imoet al. 2003; Maurin, Chavassieux
et al. 2005), thus underlying the complexity of Hystem and the need for a systematic and

timely review of the concepts linking fatty acidslione health.
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B - Lipids and bone: the clinical point of view

In addition to their role in energy production astbrage, dietary fats influence
physiological processes such as thermogenesisjinnselease and subsequent glucose
homeostasis, global redox status and inflammatargrpeters, thus impacting on organs and
tissues behavior. As a matter of fact, fats, aty fatids, are involved in the modulation of
structural and functional properties at the cetlidael. However, depending on the nature of
the fatty acids (chain length, saturation, doubbmd tridimensional conformation...) they
may either lead to beneficial or detrimental eBeoh bone tissues as revealed by a wide

range of pre-clinical and clinical investigations.

1. Fatty acids terminology and biosynthesis
In tissues, fatty acids may either be found aslyegyides, phospholipids,
chylomicrons, lipoprotein complexes or free. Fra#yf acids, are carboxylic acids with an
unbranched aliphatic tail that may differ in lengthto 28 carbons) and unsaturation degree.
Fatty acids are synthesized by plants, micro-osyasiand animals as well, and origin from a
de novosynthesis eventually followed by chain elongatsomd desaturation (Figure 1). The
chain length and the degree of unsaturation give twahe specific properties of each fatty

acid types (Legrand 2007).

EUCARYOTE FATTY ACIDS BIOSYNTHESIS

Acetyl-CoA
Acetyl-CoA
carboxylase
Malonyl-CoA

Malonyl CoA:ACP
transacylase

Malonyl-ACP e » 16:0-ACP ——» 16:0
———,

Acetyl-CoA : N

3-ketoacyl-ACP H l-_-\‘ A
H 1

synthetase b pmmmmeeees > 18:0-ACP —» 18:0 i

Elongations

'
3-ketoacyl-ACP 3-ketoacyl-ACP 3-ketoacyl-ACP ' i s Desaturations
reductas/» synthetase E ! E .
' T
¢ ]
1 Ly
F : 7 .e\/'

3-hydroxyacyl-ACP Butyryl-acP T MUEAs
PUFAs
3-hydroxyh’ ’/Eﬂ:vl-tACP
dehydratase Enoyl-ACP reductase

Figure 1 : Eucaryote fatty acids biosynthesis fraoetyl-CoA
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Despite the wide range of fatty acids found in ratonly a few of them are currently
associated with the human diet. Among those fatiysa the linoleic acid and thelinolenic
acid are most notably required from the diet. Inljethose two essential fatty acids are
precursors of the-3 andw-6 families respectively and, in contrast to othéngy cannot be
synthesized by humans from acetyl CoA due to tlo& & dedicated enzymes (Figure 2)
(Calder 2001; Nakamura, Cho et al. 2001; Guesregsandri et al. 2005; Legrand 2007).

2. Dietary sources
Table 1 describes the most common fatty acids fanrdhily food intake. They are
grouped depending on their main dietary sourcesthadpresence and number of double
bound as saturated fatty acids (SFAs), mono uresedr fatty acids (MUFAs) and
polyunsaturated fatty acids (PUFASs) (Table 1).
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SATURATED FATTY AcCIDS (SFA)

USUAL NAME FORMULA SOURCES

Butyric acid C4:0 Dietary fat

Caproic acid C6:0 Dietary fat

Caprylic acid C8:0 Dietary fat / coco oil / palnh o
Capric acid C10:0 Dietary fat / coco oil / palnh oi
Lauric acid C12:0 Coco oil / palm oll

Myristic acid Cl14:0 Coco oil / palm oil / dietafgt
Palmitic acid C16 :0 Most of oils and fats

Stearic acid C18:0 Most of oils and fats
Arachidic acid C20:0 Peanut oll

Beheric acid C22:0 Peanut oll

Lignoceric acid C24 .0 Peanut oll

MONO UNSATURATED FATTY AcIDS (MUFA)

USUAL NAME FORMULA SOURCES

Palmitoleic acid Cl6:1 Animal fats / vegetal difssh oils
Oleic acid Cl18:1 Fat especially olive oil and sower oll
Cis-vaccenic acid C18:1cis Most of vegetal oils

Gadoleic acid C20:1 Fish oll

Erucic acid C22:1 Mustard oil and rapeseed oil
Nervonic acid C24:1 Fish oll

PoLY UNSATURATED FATTY AcIDS (PUFA)

Q-3
UsuAL NAME FORMULA SOURCES
a-linolenic acid C18 :®-3 (ALA)  Flax oil/ perilla oil / canola oil / soylaa
Stearidonic acid C18 4-3 (SA) Fish oil / blackcurrant seed / soybeanmpe

Eicosapentaenoic acid
Docosapentaenoic acid

Docosahexaenoic acid

C200:83 (EPA)
C22053 (DPA)

C220:63 (DHA)

Fish (salmon, herring, anchovy, smelt,
mackerel)
Fish (salmon, herring, anchovy, smelt,
mackerel)
Fish (salmon, herring, anchovy, smelt,
mackerel)

Q-6
UsuAL NAME FORMULA SOURCES
Linoleic acid C18 :2-6 (LA) Most of vegetal oils
vy linoleic acid C18 :3»-6 (GLA) Primerose, borage and cassis oil
Arachidonic acid C20 :4-6 (AA) Animal fat, liver, eggs, fish

CLA
USUAL NAME FORMULA SOURCES
Rumenic acid C18:2 9c, 11t Dietary products

C18:2 10t, 12¢c Dietary products

TRANS FATTY ACIDS

UsuAL NAME FORMULA SOURCES

Elaidic acid C18:1 9t Partially hydrogenated vabét oils
Vaccenic acid C18:1 11t Ruminant meat and milk
Linolelaidic C18: 2w-6 9t, 12t  Partially hydrogenated vegetable oils

Tablel: Commons fatty acids: Classification, dem@tion and sources
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3. General health impact

As mentioned above, beside their structural andgetie roles, fatty acids influence

tissue behavior directly or indirectly through thderived metabolites. Their impact widely

depends upon their structure (Box 1).

SATURATED FATTY ACIDS oon
Stearicacid C18:0

SYNTHESIS: Liver, brain and adipose tissue + food intake.

HEALTH: TG, PL and sphingolipid component, energy source, MUFAs
precursors.

-Long chain: Increase total cholesterol and LDL-C levels.

-SFAs are atherogenic and have negative influence on the development of
certain cancers.

RECOMMENDATIONS: Reduce the consumption of SFA (<12% DRI).

OOH

Oleicacid C18:1 n-9 cis

MONOUNSATURATED FATTY ACIDS
SYNTHESIS: Endogene synthesis + food intake.

HEALTH: TG and membrane component, energy source.

MUFAs promote a healthy blood profil, protect against LDL oxidation,
mediate blood pressure and favorably modulate sensitivity and glycemic

control.

OOH

RECOMMENDATIONS: 15-20% DRI.

TRANS FATTY ACIDS Elaidic acid C18:1 n-9trans

SYNTHESIS: 1 or more double bound with a trans conformation . They are
produced by partial hydrogenation in ruminants or industrial process.

HEALTH: Increase LDL and decrease HDL levels, negative influence on CVD,
insuline sensibility and certain cancers.

RECOMMENDATIONS: <2% DRI.

[o]e]
CLA: Rumenic acid C18:2 (9cis, 11tran5

CONJUGATED LINOLEIC ACIDS

POLYUNSATURATED FATTY ACIDS

SPECIFICITY: Essential nutrients for mammals and human species, and belong
to either of two distinct and not interconvertible series, n-6 and n-3.

The metabolic precursors of these two series, LA and ALA respectively, are
the dietary essential fatty acids.

SYNTHESIS: Food intake + endogene elongation and desaturation of LA and
ALA.

HEALTH: PL component, precursors of the oxygenated lipidic mediators
(eicosanoids), signaling pathway activators (PKC), gene expression regulators
via many transcription factors (PPARs, SREBP-1c, HNF4, RXRa, LXRa).

OOH
a-linolenicacid C18:3 n-3 (ALA)

PUFAs n-3:

- Reduce synthesis of cytokine and mitogens, reduce VLDL triglyceride
content, inhibit inflammatory and thrombotic processes.

-Prevent cardiovascular, auto immune, rheumatoid, Crohn’s diseases
and breast, colon and prostate cancers.

PUFAs n-6: 0OH
Linoleic acid C18:2 n-6 (9cis, 12cis) (LA)
- Reduce total and LDL-C.

- Increase lipid peroxidation, play a role in oxidative processes in cell
membranes and in tumorigenesis.

RECOMMENDATIONS:  Limit the consumption of PUFA to 10% of DRI

Respect a ratio (n-6:n-3) of 5: 1.

SYNTHESIS: Positional and geometric isomers of linoleic acid. Major isomer is
found in ruminant fat.

HEALTH: Have positive effects on blood lipid profile, atherogenesis,
insulinoresistance, certain cancers.

More research is needed in humans.

MAJORS LIPIDS COMPONENTS

Triacylglycerols (TG)
Phospholipids (PL)
Cholesterol (HDL-C and LDL-C)
Sphingolipids

Free fatty acids (FFA)
Bind to albumine
Hormones

Eicosanoids

Box 1 : Fatty acids: Generalities, Biological Fuimsis And Health Effects

Thus, according to the literatur8FAs are commonly described for their negative

impact on health as they lead to higher risk oboary heart disease. The correlation between

SFAs consumption and cardiovascular disease esaidint (CVD) emerged in the 1960s

and 1970s. From this point, guidelines stressedhmutmportance to limit they proportion in

daily food intake and to further investigate thepaut of lipid quality and quantity on health
(Wahrburg 2004; Woodside and Kromhout 2005; Micha®.
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In contrastMUFAs are considered to have a positive impact on heahh biological
effects of MUFAs depend on whether the MUFAs ar¢hmcis or trans configuration. The
term MUFA reports to theis geometry, their native form. MUFAs reduce the atabty of
metabolic syndrome and CVD development throughvar&ble modulation of blood lipid
profile, blood pressure and insulin sensitivity, vasll as a reduced inflammatory context
(Gillingham, Harris-Janz et al. 2011).

RegardingPUFAS, their absorption leads to specific synthesisooigl chain PUFAs
(LCPUFAS) such as arachidonic acid for th® serie, eicosapentaenoic and docosahexaenoic
acid for thew-3 serie. Those LCPUFAs exhibit a crucial role @egulating cell membrane
fluidity, eicosanoids production, inflammatory ckiiee secretion and the expression of wide
range of genes either involved in cell differentiaf metabolism and survival (Figure 2).

PUFAS (N-3, H-6 EAMILIES} AND EICOSANOIDS BIOSYNTHESIS
ox
»Serie 3: LT, HETE, HPETE
L9% , serie 1: PG, TBX
/ \ .
N-6 18:2 88 133 > 23— 2 > 2214 » 230 25 s »22:5 N-6

LA ¥ GLA vy AA

——» Serie & LT, HETE, HPETE
; ia [ """ ] ‘_ »Serie 2 PG, TBX
Essentials et cox
B | ]
A A5 A A
N-3 18:3 A L8 4z b 2] - 20iE > 225 » 245 20 4 s »22:5 N-3
ALA A EPA DPA DHA
.
——»Serie 3: LT, HETE, HPETE
—» Serie 5 PG, TBX

ox

PUFAS BIOSYNTHESIS EICOSANDIDS BIOSYNTHESIS

»Elonzass *{ OX . Mase LOX: Lo a5
wasaturase (Ansdoubla bendintroduction LT: lzubotrians, HETE: by dr icosatatyaencic acids HPETE:
place from cabosyl group COOH hedraper oy sicns at 2t a2
— apsrasysemalreconyersion PG:prostazlandin. TBX: thrombosans

Figure 2 : Polyunsaturated fatty acids{3 andw-6 families) biosynthesis from linoleic and

o-linolenic acids supplied by the diet and formatafreicosanoids from them.
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To positively impact health, an optimal ratio ofl5to0 3:1 (-6/®-3) iS now
recommended. In these proportions, a benefic effact pathologies such as CVD,
autoimmune and inflammatory diseases, diabetes abesity have been described. In
contrast, when unbalanced, an excessive consumpfioRUFAs o-6 or a PUFAs®-3
deficiency may promote inflammatory disorders ds&thment and related pathologies
(Calder 2001; Nakamura, Cho et al. 2001; Guesregsandri et al. 2005).

Besides, althougtrans FA are commonly found in modest amount in meat amy da
products, their major consumption originate frondustrial partially hydrogenated food.
Since the 1990s trans fats have raised health omcindeed, different studies have largely
reported that their high levels in the diet lead wafavorable effects on CVD, insulin
sensitivity and cancers establishment. Then, mbstealth organizations now recommend
reducing consumption of foods containing transyfattids (Hunter 2006; Gebauer, Psota et
al. 2007; Reynolds and Roche 2010).

On the contrary,CLA isomers from milk and dairy products, have recagive
considerable attention for their potent benefidallogical properties on health. To date,
animal studies have revealed amelioration of bliqud profile, reduction of atherosclerosis
development and insulin-resistance. However, in dnsn their interest is still debated and

further investigations remain required (Banni, Beitet al. 2004).

4. About lipids and bone health...

Literature has widely linked lipid intake and inflanation status, a key protagonist
involved in bone resorption (Ono, Kaneko et al. 20Dsutsumi, Xie et al. 2009). As a matter
of fact, inflammation favors bone degradation bymatating osteoclast activity while
inhibiting osteoblast bone formation leading to alalbced bone remodeling and subsequent
bone loss. Regarding inflammation, lipids exhibitdaality, with both pro- and anti-
inflammatory effects depending on their structuaesl metabolism (Raisz, Alander et al.
1989; Laneuville, Breuer et al. 1995). In this tigh growing body of evidence has revealed
that ®-6 increase bone loss while-3 are believed to protect bone health (Kruger and
Horrobin 1997; Seifert, Bruce et al. 1997; Watkibset al. 2001; Watkins, Li et al. 2001;
Watkins, Lippman et al. 2001; Albertazzi and Coupla2002; Corwin 2003; Fernandes,
Lawrence et al. 2003; Watkins, Li et al. 2003; Okaneko et al. 2005; Calder 2006; Poulsen,
Moughan et al. 2007; Salari, Rezaie et al. 20081sksni, Xie et al. 2009; Kruger, Coetzee et
al. 2010; Kim and llich 2011). Nevertheless, thebate remains controversial and rather

reductive. Then, to make the way to an “as integtand updated as possible” point of view
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on the field, we grouped an “as exhaustive as ptessiist of pre-clinical and clinical trials
related to bone and lipids interactions.

To date, thefirst evidence that both quantity and quality of dietary lipidky an
important role in bone health emerged in the e&f80’s with the Borland and Jackson’s
study describing in rats, the establishment of\erseosteoporosis in a context of essential
fatty acids deficiency (Borland and Jackson 193Ihjs finding was lately confirmed in the
1950’s with the demonstration that EFA deficiencgswassociated with a change in tissue
lipid profile and histology as revealed by replaeatof bone by adipose tissue and bone
demineralization, respectively (Alfin Slater andriiek 1958; Biran, Bartley et al. 1964).
However, these studies were kept somehow anecdoticthe topic only became a field of
research during the two last decades.

Indeed, the data from the literature have grownoerptially the last years, thus
enlightening the growing importance of the fieldr foealth systems but underlying its
complexity as well. The table 2 gathers the maimicdl andin vivo studies linking fat diets
to bone tissues behavior. Briefly, when taken togetdata from the literature reveals that the
studies were mainly focused on inflammation-indubede loss, bone marrow adiposity and
altered bone cells coupling.

In other words, when considering fatty acids andeolationships type by type, most
of the studies reveal that high-fat diets (HFD), sinoaotably those rich in SFAs was
negatively associated with BMD and positively whitip fracture risk (Corwin, Hartman et al.
2006; Jeong, Cho et al. 2010). In fact, the redumete density and mineral content is due to
an increased bone adiposity that is correlated \aitbtimulated bone resorption and an
impaired bone forming cell activity (Parhami, Tih&t al. 2001; Chen, Lazarenko et al. 2010;
Xiao, Cui et al. 2010; Halade, El Jamali et al. BORatsch, Kiefer et al. 2011).

In contrast, oleic acid, the most commonly used MEFhas been demonstrated as a
relevant positive regulator of calcium and bonendwer markers levels in plasma thus
counteracting osteoporosis features in rodentsl(Puentin et al. 2004; Rezq, Labib et al.
2010; Saleh and Saleh 2011). In humans, data elamith animal studies in term of
decreased hip fracture risk (Martinez-Ramirez, Rakh al. 2007; Orchard, Cauley et al.
2010), however controversies persist around thiothesis (Macdonald, New et al. 2004).

With regard to PUFAs, their actions on bone remaodeare well documented either
on clinical or animal studies. Three main hypotkemgsing from the literature data have been
particularly tested so far: (1) effects of highdewf -3 PUFAS, (2) influence of the-6/m»-3
ratio modulation and (3) impact of different PUF&@mMbination within the diet.
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Experiments using fish oil enriched diet suggegobsitive action ot»-3 fatty acids on
bone health with increased bone mineral contentDBb&lcium balance and absorption, bone
formation markers and decreased bone resorptiorés mm mice (Sun, Krishnan et al. 2003;
Zeitlin, Segev et al. 2003; Cohen and Ward 200%tRlcharya, Rahman et al. 2007), rats
(Coetzer, Claassen et al. 1994; Sakaguchi, Motit@.e€1994; Kruger, Coetzer et al. 1995;
Green, Wong et al. 2004; Kruger and Schollum 2Q@&as, Gigliotti et al. 2011) and human
(van Papendorp, Coetzer et al. 1995; Bassey, Wwittbel et al. 2000; Zwart, Pierson et al.
2010; Farina, Kiel et al. 2011). Studies on &é#&/w-6 ratio modulation indicate that a high
ratio protect bone health in all models (mice (LA(ard et al. 2009; Banu, Bhattacharya et al.
2010; Wauquier, Barquissau et al. 2011), rats laa, Potgieter et al. 1995; Watkins, Li et
al. 2006), piglets (Weiler and Fitzpatrick-Wong 20MMollard, Kovacs et al. 2005) and
human (Hogstrom, Nordstrom et al. 2007)). Inversaly unbalance ratio resulting from an
overconsumption of-6 PUFAs involve detrimental effects on bone. Irti¢ee favorable
effect ofv-3 PUFAs seem to rely in an increased rate of fomeation supported by both, a
stimulatory effect on osteoblastic activity as destoated by plasmatic and transcriptomic
markers analysis and an inhibitory effect on odeedic functions. Those effects are well
documentedn vivo on rodents (Sakaguchi, Morita et al. 1994; Yam&dehimi et al. 1995;
Schlemmer, Coetzer et al. 1999; Poulsen and Kr2geé; Shen, Yeh et al. 2006; Wauquier,
Barquissau et al. 2011) and piglets (Watkins ante®e&000; Lucia, Fitzpatrick-Wong et al.
2003; Blanaru, Kohut et al. 2004). In human, mdgtrospective studies reveal a correlation
between PUFAs consumption and a higher BMD as ask decreased fracture risk (Griel,
Kris-Etherton et al. 2007; Hogstrom, Nordstrom let2807; Martinez-Ramirez, Palma et al.
2007; Farina, Kiel et al. 2011).

Regarding CLA and trans fats, their effects on bloealth are poorly documented on
humans. However, in rodents, CLA have a positiveaat on bone formation, and BMD (Li,
Seifert et al. 1999; Rahman, Bhattacharya et &728lalade, Rahman et al. 2011; Rahman,
Halade et al. 2011) thus encouraging clinical srial

According to these data, it becomes obvious thatafal bone are closely related
however, mechanisms remain far from being fulljcelated and extended literature review
have revealed additional tracks to further invegégthe field (Gimble, Zvonic et al. 2006;
Rosen and Bouxsein 2006; Duque 2008; Reid 20081iR2809).
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BONE FORMATION

BONE RESORPTION

SERUM

Osteoblast enzyme
Total alkaline phosphatase (total ALP)
Bone alkaline phosphatase

Matrix protein
Osteocalcin

Biomarkers of the synthesis of bone type | collagérSERUM / URINE

Procollagen type | C-terminal propeptide (PICP)
Procollagen type | N-terminal propeptide (PINP)

SERUM

Osteoclast enzyme
Tartrate-resistant acid phosphatase (TRAP)
CathepsinK

Degradation products of type | collagen
C-terminal cross-link telopeptide generated by MMPs

Degradation products of type | collagen
C-terminal cross-link telopeptide (CTX)
N-terminal cross-ink telopeptide (NTX)

Markers of bone breakdown
Pyridinoline (PYD)

Deoxypyridinoline (DPD)

URINE

Collagen degradation products
Hydroxyproline

Box 2 : Bone turnover biomarkers
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FAT IN THE DIET AND BONE : PRE-CLINICAL (RODENT AND PIGLETS) AND CLINICAL STUDIES (HUMANS)

DATE AUTHORS DESIGN RESULTS
2001 | (Parhami, Mice (4 weeks-old) for 17 weeks or for 30 weeksHF diet after 7 monthsy femoral mineral (43%)y mineral density|
Tintutetal. | High-fat (HF) diet (including 1.25% cholesterol,| (15%) andx vertebral mineral content compared with mice @ th
2001) 15.8% fat, and 0.5% cholate). Or a control diet | control diet.
(containing 6% fat) Smaller deficits were observed after 4 months.
Osteocalcin expression was reduced in the marradFefed mice.
2003 | (Sun, Mice (8 weeks-old) OVX or Sham operated FO: 7 plasma lipid C16:1»-6, C20:50-3, and C22:-3
Krishnan et | Diet containing 5% corn oil (CO) or 5% fish oil N plasma lipid C20:4n6 and C18:2n6
al. 2003) (FO). Bone loss significantly higher (p < 0.05) in OVXawifed with CO
than FO fed mice
2003 | (Zeitlin, Mice (7 weeks-old) OVX or Sham operated for 13-3 diet: N triglyceride levels in the serum
Segev et al. | weeks. N IL-1 B levels
2003) Diet containing 7.55% of fat:-3 PUFA diet 7 secretion of IL-10, anti-inflammatory cytokine.
consisted in 0.55% of fish oil. Inhibit the increase in adipose teissaused by OVX
2005 | (Cohen and | Mice postnatal 4 weeks to 13 weeks FO diet” EPA, DHA andy LA and AA serum levels
Ward 2005) | 10% fat-diet (Flaxseed oil FO or Corn oil CO) | No significant change on ILBL IL-6 and TNFe serum levels, on
bone mass and strength in femur and lumbar vertebra
2007 | (Bhattachary | Mice (52 weeks) for 26 weeks FO: higher BMD in different bone regions
a, Rahman et Diets containing 10% corn oil CO or 10% fish ojl 7 bone formation markers ALP and osteocalcin insir@im
al. 2007) FO
2007 | .(Rahman, | Female mice (52 weeks-old) for 10 weeks CLA: higher BMD in different bone regions
Bhattacharya| Diet containing 10% CO or 9.5% CO+0.5% CLA N proinflammatory cytokines (TNE IL-6, NF«B)
etal. 2007) N osteoclast (RANKL and TRAP).
N fat mass and’ muscle mass.
2009 | (Lau, Ward et Mousefat-1 (3 week-old), for 12 weeks fat-1: levels ofw-3 PUFA were higher in femurs vs control mice

al. 2009)

Diet containing 10% safflower oll

®-6/w-3 PUFA ratio in the femur was negatively corredarath
BMC and peak load at femur midpoint and femur neck.
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2010 | (Banu, Mousefat-1 or wild-type (8 week-old), OVX or | Wild-type: OVX ~ serum ALP and P1NP levels and loss of bone i
Bhattacharya| Sham operated for 26 weeks the distal femur, femoral neck, proximal tibia, dadrth lumbar
et al. 2010) | Diet containing 10% safflower oil vertebra.
fat-1. no bone lost after ovariectomy
higher cancellous and cortical bone nmagise femur
2010 | (Xiao, Cui et | Mice (3 week-old) for 12 weeks HFD: ~ BMD and maximum load of femur
al. 2010) High fat diet HFD containing 21.2% fat Down-regulation of most of the genesteslao bone
(additional 17.5% lard and 0.5% cholesterol) or| formation + up-regulation of those related to bogsorption with
control diet containing 4.8% (w/w) fat. the changes in plasma bone metabolic biomarkers.
2011 | (Halade, Mice (52 weeks-old) for 26 weeks CLA: » BMD
Rahman et al} Diet containing (10% corn oil) CO or (5% fish of| FO: » BMD
2011) with 5% CO) FO or 9.5% CO + 0.5% CLA (50:3QCLA+FO: ™ PPARy and cathepsin K expression in bone marrow
of cis-9 trans-11 and trans-10 cis-12) CLA or 2 BMD
combination of CLA and FO ad libitum ~ bone marrow adiposity, inflammation, oxidativeess
2011 | (Halade, EI | Mice (52 weeks-old) for 26 weeks CO: 7 number of osteoclasts per trabecular bone length
Jamali et al. | Diet containing (10% corn oil) CO or standard N trabecular bone volume in the distal femoral mieyafs
2011) Up-regulation of osteoclast-specific cagiegk and RANKL
expression and down-regulation of osteoblast-sjgeRIINX2 and
OPG expression
2011 | (Patsch, Mice (7 week-old) for 24 weeks eHF ans sHF2 CTX, body weight, insulin, and leptin and they
Kiefer etal. | 3 different diets: low-fat diet (LF, 10% fat: show a negative correlation with bone density amakebvolume.
2011) control), or extended high-fat chow (eHF, 60% Bone loss andBMD vs control
fat), or short-term high-fat chow (sHF: 21 weeks Changes in bone microarchitee but trabecular and
of LF and 3 weeks of eHF) cortical thickness remained unaffected
2011 | (Rahman, Female mice (52 weeks-old) for 26 weeks t10c12: higher BMD in femoral, tibial and lumbagiens than
Halade et al. | Diet withCLA isomers: (9.5% CO + 0.5% c9t11| those fed CO or c9t11-CLA
2011) or + 0.5% t10c12 or + 0.25% c9t11 and 0.25% N osteoclastogenic factors in serum (RANKL, TRAPGIL
t10c12) or 10% corn oil (CO) and TNFe)
2011 | (Wauquier, Female mice SAMPS8 strain (8 weeks addyf3 | BO and FI prevent altered bone parameters of sesioporosis
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Barquissau et weeks (SAMP8 mouse strain is a progeria modeBone architecture{ BMD and bone volume)
al. 2011) Diet with different lipid sources: sunflower diet | Inflammatory parameters&y(CRP in plasmay expression of
(high ®6/w3 ratio: SU) or borage diet (high inflammation markers: IL-6, IL-6R, IFNgR1)
linolenic acid BO) or fish diet (high in long chain Bone resorption¥ CTX1 in plasmay expression of bone
w3 Fl) resorption markers: MMP2, MMP9, CTR, RANKL andOPG)
7 osteoblasts markers (osterix, osteopontin)
1931 | (Borland and | Rats Development of severe osteoporosis with an increfsenal and
Jackson 1931 Fat-deficient diet (no fat in the diet) arterial calcification
)
1958 | (Alfin Slater | Rats N proliferation of cartilage cells at the tibialpimal head
igggemiCk Fat-deficient diet (no fat in the diet) for 12 week Development of an extensive osteoporosis
1994 | (Coetzer, Rats (3 month-old) OVX Fish: 7 EPA, DHA in red blood cell membrane
Claassen et | 89 fat-diet for 6 weeks (fish or evening primroge 2 femur calcium content
al. 1994) oil) \ urinary deoxypyridinoline excretion (bone resaopti
marker)
1994 | (Sakaguchi, | Rats (17 weeks-old) OVX EPA-enriched diet prevents the loss of
Morita et al. | Diet + EPA (11% of total FA) + calcium for 35 | bone weight and strength caused by oestrogen eedigi
1994) days
1995 | (Claassen, | Rats (5 weeks-old) (FA deficient diet) N urinary excretion of pyridinium correlated withdrgxyproline
Potgieter et | 89 fat-diet with different ratio of GLA :EPA for | levels in the higher ratio GLA:EPA
al. 1995) 84days 7 bone calcium content in the same group
1995 | (Kruger, Rats Fish oil diet: ™ faecal calcium excretion amticalcium balance
Coetzer et al.| 89 fat-diet for 12 weeks (fish, evening primrose 7 unsaturation of the intestinal membranes
1995) or sunflower oil)
1995 | (Yamada, Rats (6 weeks-old) treptozotocin-induced diabetiEPA: 7 bone strength and phosphate excretion and plasma
Fushimi et al.| 6%fat-diet (soy bean oil + EPA or DHA) for 7 | inorganic phosphate concentration
1995) weeks No significant change on plasma and urinary calcium
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1999 | (Schlemmer, | Rats (11 weeks-old) OVX Oestrogen and diester alonecalcium levels in femur in OVX
Coetzer et al.| Qestrogen implant at OVX for 2 groups and 1% animals
1999) LA as control or a diester with gamma-linolenic| In combinaison diester potentiated the effect sti@gen on bone
acid and eicosapentaenoic acid as part of a sefgalcium
synthetic diet (1g/kg) for 14 weeks Oestrogen alone or in cobinaison with diesterrinary
deoxypyridinoline and hydroxyproline excretion
1999 | (Li, Seifert et | Rats CLA 7 IGF binding protein levels in SBO group andn MSO
al. 1999) Diet with 70g/kg of fat (soybean oil SBO or group
menhaden oil+safflower oil MSO * 10g/kg CLA) CLA Y tibial mineral apposition rate and bone formatiate
for 42 days No difference on serum osteocalcin levels
2002 | (Sirois, Rats (21 days of age) for 5 weeks male or femalEish oil had no effect on biomechanical strengtipprties of
Cheung et al.| Fish oil diet (60 g/kg menhaden oil plus 10 g/kg femurs and vertebrae in male.
2003) soybean oil) or control diet (70 g/kg soybean oil)Females fed fish oil had reduced length growth afaiver
vertebral peak load.
2004 | (Green, Rat (21 day-old) * insulin deficiency for 35 days (CO+ fish): 7 density of femur
Wong et al. | Diet containing soybean oil (70 g/kg diet) as N plasma osteocalcin and bone prostaglandin E2
2004) control or menhaden oil (40 g/kg diet) + corn oi Limit N-telopeptide, IGF-1, boRGE2 and urinary Cs
(30 g/kg diet) (CO+fish) elevation and calcitriol diminution induced by tiheulin deficiency
2005 | (Kruger and | Rats (45 week-old) for 6 weeks TO: 7 Ca absorption, BMD, and bone Ca content compartd w
Schollum Diet supplemented with oil: control: 5% corn oil| control group
2005) and 3 test diets 5% evening primrose oil (PO), 4%orrelations between the DHA content of the erytiite
fish oil plus 1% corn oil (FO), or 4% tuna oil plusmembranes and bone density and bone calcium content
1% corn oil (TO)
2006 | (Poulsen and| Rats (8 months-old) OVX ~ BMD in the HIGH group compared with OVX and SHAM
Kruger 2006)| 0.1 g (LOW) or 1.0 g (HIGH) of (EPA)/kg body | controls
weight for 9 weeks No BMD differences between LOW and control OVX gosu
High-dose EPA supplementation exacerbated theteftdcOVX on
BMD
2006 | (Shen, Yeh et Rats (12 month-old) for 20 weeks ®-B): highest BMC and cortical + subcortical BMD
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al. 2006)

Diet with dietary lipid treatments (g/@gt):
- 1679 safflower + 33g menhaden ois§ + o-
3),
- 200g safflower oil §-6),
- or 190g menhaden + 10g corn oistJ)

Higher sérum IGF-1, PTH, 1,25-(OH)2 vitarD3 and ALP
Lower bone NO production and urinary Ca,
(»-6): higher bone PGE2 production and serum Pyd

2000

(Watkins, Li
et al. 2000)

(KO), menhaden (MO), salmon (SO) or tuna (T

Piglets (5 days of age) for 15 days

Supplemented diet £ FA (0.8% of total FA as Al
and 0.1% as DHA) = PGE2 injections at 0.1mg

2006 | (Watkins, Li | Rat (3 months of age) OVX for 12 weeks HP5 and LP5: lower bone loss in OVX rat (femur &bth BMC
et al. 2006) | Diet with a high-PUFA (HP) or a low-PUFA (LP) and BMD).
with a ratio ofw-6/0-3 PUFAs of 5:1 (HP5 and | LP diets: lowest serum concentrations of the besemption
LP5) or 10:1 (HP10 and LP10). biomarkers Pyd and DPD.
Diets contain 110.4 g/kg of fat. HP groups: lowest bone formation marker osteocalcin
The 5:1 diets (HP5 and LP5) preserved rat femur BMC
2010 | (Chen, Rat (27 day-old) for 4 weeks HFD: ~ bone mass compared to controls
Lazarenko et| Total enteral nutrition with a high fat diet: 45% ~ bone formations bone resorption
al. 2010) corn oil (HFD) or a medium fat diet: 25% corn qil \ osteoblastogenic markers: osteocalcin and Runx2
(MFD) 7 bone marrow adiposity
Control: low fat diet LFD 14% faad libitum 7 expression of adipogenic genes: PRARd aP2
2011 | (Saleh and | Female rats (12-14 month-old) OVX or Sham | OVX changes¥ plasma calcium levels! plasma ALP, MDA, and
Saleh 2011) | Diet supplemented with extravirgin olive oil orallyritrates levelsy in the cortical bone thickness and the trabecula
(1 ml/100 g Body Weight) for 12 weeks; 4 weekspone thickness of the tibia andosteoclast number) were
before OVX and 8 weeks after. attenuated by olive oil supplementation in the &VX rats.
2011 | (Lukas, Female rat (28 day-old) for 8 weeks TO: higher tibial BMD and BMC and lower lipid perication
Gigliotti et al. | Different sources fat, in high fat diet (12%): corncompared to the CO-fed rats.
2011) oil (CO) or®-3 PUFA rich, flaxseed (FO), krill | FO or MO: improved bone microarchitecture compace@O

O30: higher serum osteocalcin compared to SO.

PIGLETS

PGE2:” osteoblast activity (plasma osteocalcin andrinary
acalcium excretion) an@ femur mineral content

KgA: N bone resorption (urinary NTX andbone PGE2) ané

/day

femur mineral content
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PGE2 + FA:N femur mineral content

2.0:0.4 g AA:DHA/100 g of fat)

2002 | (Weiler and | Piglets (5 days of age) for 21 days Growth and bone mass did not differ among the épaups
Fitzpatrick- | 4 diets: - groups 1 and 2: 30 g fat/La+6):(0-3) | Diets modify levels of AA and DHA in plasma, braliver, and
Wong 2002) | ratio (4.5:1) group 1 and (9:1) group 2 adipose tissue

- groups 3 and 4: 60 g fat/L&-6):(0-3) | Higher plasma DHA in groups 3 and 4 was associattdless
ratio (4.5:1) group 3 and (9:1) group 4 bone resorption.

2003 | (Lucia, Piglets for 15 days PGE2: 7 osteoblast activity => plasma osteocalcin andurinary
Fitzpatrick- | Diet supplemented with fatty acid (0.8% of total calcium excretion
Wong et al. | fatty acids as AA and 0.1% of total fatty acids asDietary FA: N bone resorption =3 urinary N-telopeptide ansl
2003) DHA) +PGE?2 injections (0.1mg/kg/day) bone PGE2

2004 | (Blanaru, Piglets from days 5 to 20 of life Diet modify levels of AA in plasma, liver, and adge tissue
Kohut etal. | Diet supplemented with AA (0.30%, 0.45%, No significant change on bone modeling
2004) 0.60%, or 0.75% of fat) plus DHA (0.1% of fat) | » wholebody bone mineral content with 0.60% and @ 75A

2005 | (Mollard, Piglets for 15 days Tissue AA and DHA increased in proportion to deatdls.
Kovacs et al. | Diets: control formula or the same formula with| Liver EPA correlated positively with whole body afesinur BMC
2005) various levels of AA:DHA (0.5:0.1 g, 1.0:0.2 g grand BMD and lumbar spine BMC

Low levels of AA:DHA (0.5:0.1)” bone mass

INTERVENTION STUDIES

L6

Littlewood et

43 premenopausal (25-40 years) and 42

1995 | (van 40 osteoporotic women (80 years * 4 years) for E®: 7 serum calcium and urinary calcium clearance
Papendorp, | weeks FO and MIX:~ osteocalcin and procollagen in serum from 1 to
Coetzer et al.| Diet supplemented with 4g of oil: 4 groups weeks.

1995) Evening primrose oil (EPO: 73% LA + 10%
GLA), Fish oil (FO: 16% EPA +11% DHA),
Mixture EPO/FO (MIX: 60% LA +8% GLA + 4%
EPA + 3% DHA) and Olive oil (OO: 10%
palmitic acid + 78% oleic acid)
2000 | (Bassey, Randomized, double blind study. Pre-menopausal? BMD in both groups (1%)

~ serum markers of bone resorption (osteocalcinfdriR)
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al. 2000)

postmenopausal (50-65 years) women for 52
weeks
Supplemented diet with 1,0g Ca + 49 evening
primrose oil and 440mg fish oil

Post-menopausak BMD in both groups (1%)
~ markers of bone turnover

2005 | (Dodin, Randomized, double blind study. Flaxseedy serum total and HDL cholesterol concentrations
Lemay et al. | 198 healthy menopausal women (45-65 years)|fdto significant change in BMD between the two groups
2005) 52 weeks Both flaxseed and wheat genmthe severity scores of menopaus
Consumption of 40g flaxseed (n=101) or wheat symptoms (no significant changes)
germ placebo (n=98) each day
2007 | (Griel, Kris- | Randomized, double-blind study with 3 crossovelTx levels were significantly lower following thelA diet and
Etherton et | periods. there was a similar trend for the LA diet compaethe AAD diet
al. 2007) 20 healthy male patients (48,6+ 1,6 years) Levels of proinflammatory cytokines (IL-6, ILBland IL-4) did not
Consumption of 3 different diets: 1) Average | change after consumption of the three test diets.
American Diet (AAD: 34% total fat, 13% SFA, | Levels of serum TNF-however were reduced following the ALA
13% MUFA, 9% PUFA), 2) Linoleic Acid Diet | Diet, compared to the LA Diet and the AAD.
(LA: 37% total fat, 9% SFA, 12% MUFA, 16% | The levels of NTx were positively correlated wittetlevels of
PUFA), and 3)-Linolenic Acid Diet (ALA: 38% | TNF-q across all three diets.
total fat, 8% SFA, 12% MUFA, 17% PUFA) Levels of BSAP were unaffected by diet treatment
2011 | (Appleton, Randomized controlled trial study Change ir3-CTX status (bone marker resorption) was not
Fraseretal. | 113 mild-moderately depressed individuals (26 associated with change i3 PUFA status
2011) males and 87 females, aged 18-67 years)
Supplemented diet with 1,48 g EPA+DHA/day
(n=53) or placebo (n=60) for 12 weeks
PROSPECTIVE STUDIES
2004 | (Macdonald, | Aberdeen Prospective Osteoporosis Screening Total fat and SFA intakes did not appear to be@atad with either
New et al. Study BMD or BMD change.
2004) 891 healthy women aged 45-55 years at baselinPUFAs and MUFAs were negatively correlated with BIMD

and 50-59 years at follow-up 5 years later.

change, (significant after adjustment for confousjle

Usual dietary intake was assessed by using foc

nd-
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frequency questionnaires

BMD was measured by using DXA at the lumbar

spine and femoral neck (FN)

2005 | (Weiss, Rancho Bernardo Study Men had a significantly higher ratio @6 to »-3 fatty acids than

Barrett- 1532 men and womenaged 45-90 years : 643 nféil women.
Connor et al. | and 903 postmenopausal women (564 not usingNegative and significant association between ttie td »-6 to ©-3
2005) hormone therapy (HT), and 326 using HT) fatty acids with hip BMD in all groups and with linar spine BMD
Dietary data were obtained through self- in women not using HT only
administered food-frequency questionnaires
BMD was measured at the hip and spine with
DEXA

2006 | (Corwin, NHANES Il Study No significant association between total fat intakel BMD at any
Hartman et | 13 572 subjects 20-90 years old: 6547 men and of the sites analyzed.
al. 2006) 7025 women SFA intake was negatively associated with BMD i@ flamoral

Dietary data were obtained from a single 24-h | neck for all subjects. BMD decreased 2,3% fromlomeest to the

recall The recalls included all 7 d of the week | highest quintile of SFA intake

BMD of the proximal femur (the hip region The negative relation between saturated fats an® BMre more

including the femoral neck, intertrochanter, pronounced in men than in women.

trochanter, and total hip) was measured by DXAAcross all men SFA intake was negatively associatiéd BMD.
BMD decreased ~2-4% from Q1 to Q5 at these sites.

2007 | (Hogstrom, | NO, Study Concentrations ab-3 fatty acids were positively correlated with
Nordstrom et| 78 healthy young men (16,7 +0,5 years) at total and spine BMD at 22 years of age. And a p@sttorrelation
al. 2007) baseline for 5 years and 11 months. betweernn-3 fatty acid concentrations and the changes in BiID

BMD of total body, hip, and spine was measuredh€ spine was found between 16 and 22 years of age.

by DXA at baseline and at the end of the study| Concentrations of DHA were positively associatethwotal and

Fatty acid profile in serum phospholipids was | SPine BMD at 22 y of age .And a positive correlatieas found

analyzed (no dietary questionnaire) between DHA concentrations and the changes in BMDeaspine
between 16 and 22 y of age.

2007 | (Martinez- Hospital-based case—control study (Spain) Participants in the two upper quartiles of PUFAk& showed a
Ramirez, Cases 167 patients (80% women) (<65 years) watignificant increased risk of fracture,
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Palma et al. | a low-energy fracture selected from the populatiégnhigher ratio of MUFA to PUFA was associated watiheduced
2007) Controls 167 patients without antecedents of anyisk of fracture
fracture matched to cases by sex and age The intake oto-6 fatty acids was associated with an elevatedais
Diet data were collected with semiquantitative | fracture
food frequency questionnaire. HDL-cholesterol levels were inversely associatethhe risk of
fracture
2010 | (Genaro, Cross-sectional study at Sdo Paulo Hospital Overweight women had significantly higher bone mass
Pereira et al. | (Brazil) Skeletal muscle index (SMI) showed a positive é¢ftecBMD
2010) 70 osteoporotic postmenopausal women: mearn measurements and women with sarcopenia had sigmifjclower
age: 69,7 + 6,4 years and weight: 56.3 = 7.6 kg BMD measurements in total femur and femoral neck.
Body composition and BMD measurements werdén multiple regression analysis only lean massagel after
performed DXA adjustments to fat mass and BMI were able to ptedial body
The aim of the study is to evaluate the relationgHMC
of lean and fat mass to bone mass in osteoporoticcan mass adjusted to age and BMI were able tagtrednoral
postmenopausal women neck BMD
2010 | (Jeong, Cho | Retrospective analysis of data on women from | No significant relationship between lipid profilesd BMD
etal. 2010) | Healthcare System Gangnam Center (Korea) | HDL-C was positively associated with BMD at onlgthumbar
The associations between lipid profiles (total | spine in postmenopausal women
cholesterol TC, LDL-C, HDL-C and triglyceride | TG were negatively associated with BMD at the thtpland
TG) and BMD at various skeletal sites (lumbar | trochanter in only premenopausal women.
spine, proximal total hip, femoral neck, and
trochanter) were explored
Data on 4 613 premenopausal and 2 661
postmenopausal women (20-91 years )
2010 | (Orchard, Women'’s Health Initiative Study (WHI) Higher SFA consumption was associated with highgfriacture
Cauley et al. | 137 486 postmenopausal women (63 + 7 years) lisk
2010) between 1993 and 1998. Lower total fracture risk was associated with eheigMUFA and

Total fractures were identified by self-report; hif
fractures were confirmed by medical record

y PUFA intake
Higher consumption of maringe-3 PUFA was associated with

review.

greater total fracture risk
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FA intake was estimated from food frequency
guestionnaires

Higherw-6 PUFA intake was associated with a lower tot@ttinre
risk

2010 | (Zwart, Spaceflight: Short duration. Short-duration spaceflight
Pierson et al.| 10 subjects (7 males, 3 females, 36-54 years) frohNF-«B p65 expression (500%) after flight and it remdine
2010) four shuttle missions (12 to 16 days each) and [felevated for at least 14 days after flight. No gigant difference
healthy control subjects (5 male and 2 female) | the astronauts and the control group.
Spaceflight: Long duration Long-duration spaceflight
24 subjects A higher intake of fish was associated with a seralecrease in
record the dietary intake once per week using a whole-body BMD after flight. A higher intake of figended to
food frequency questionnaire decrease the change in wholebody bone mineral mbnte
Bed rest study Bed rest
16 subjects Intake of totako-3 fatty acids during 60 days of bed rest was
Evaluation of various physiologic and nutritiona egatively correlated with the percent change imay NTX
changes during and after 60 or 90 days of 6-degf&&retion from before bed rest to during bed rest
head-downtilt bed rest.
2011 | (Arikan, Study on Turkish women Positive correlation between BMI and lumbar vergelbemur neck
Coskun et al.| 107 postmenopausal women; 35 healthy (gp 1), @7d femur total BMD
2011) osteopenic (gp 2) and 35 osteoporotic (gp 3). | Positive correlation between TG and femur neckfantur total
BMI, BMD and serum lipid profile were measure8MD
2011 | (Farina, Kiel | Framingham Osteoporosis Study High intake of fish were associated with mainteraoicfemoral
etal. 2011) | 623 subjects between 1948 and 1988 (225 womefack BMD (FN-BMD) in men and in women

and 397 men) mean age of 75 years
BMD measurements were performed DXA

Diet data were collected with food frequency
guestionnaire

associated with higher FN- BMD
LA intake tended to be associated with FN-BMD loss

In men: low intake of EPA+DHA with a high intakes of AA nee
associated with a lower FN-BMD than did men with tbwer
intakes of AA

In women: high intake of EPA+DHA with a high AA intakes wers¢

D
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C - Organs interactions

It has been well acknowledged that bone is metehib)i closely linked to other
organs. Thus, fatty acids mediated bone modulatiag be indirect through actions on bone

affecting organs.

1. Adipose tissue
White adipose tissue (WAT) acts as an endocrinearorthat secretes peptide
molecules called adipokines. Among these hormonescgtokines, some have been shown
to efficiently modulate bone metabolism. As theretry function of WAT is widely known
to be modulated by macronutrients in general guddiin particular, this organ is likely to be

a target of dietary fatty acid-induced bone modarat

a. Leptin

Leptin effect on bone has been extensively stusiece Ducy et al. (Ducy, Amling et
al. 2000) showed that leptin-deficient and lepttaptor-deficient mice had an increased
bone mass due to increased bone formation. Lepgaiated regulation of bone remodelling
is complex; it may be either catabolic or anabdbpending of the presence or the absence of
a central relay. Briefly, central leptin injecti@auses bone loss in leptin-deficient and wild
type mice, (Ducy, Amling et al. 2000) via the aation of the sympathetic tone and
subsequent osteoblast beta2-adrenergic receptodsbZA mediated inhibition of bone
formation (Takeda, Elefteriou et al. 2002). In aai, this sympathetic signalling leads to
over expression of RANKL by osteoblast progenitdrgrefore favouring bone resorption
(Elefteriou, Ahn et al. 2005). In contrast, systenkeptin administration was shown to
promote bone formation. Intra peritoneal injectminleptin reduces bone fragility in adult
mice (Cornish, Callon et al. 2002) and rescues bos® observed in tail-suspended rats by
preventing both inhibition of bone formation and IRRL/OPG ratio increase (Martin, de
Vittoris et al. 2005). This is thought to be duedivect activation of leptin receptor on
osteoblasts, asn vitro studies have shown a leptin induced increase ieobkast
proliferation, differentiation and mineralisatio€drnish, Callon et al. 2002; Gordeladze,
Drevon et al. 2002) as well as a decreased levBIANKL/OPG ratio. (Gordeladze, Drevon
et al. 2002; Lamghari, Tavares et al. 2006). Heghdiet induced obesity is always associated
with an excessive WAT excretion of leptin both mnians and animals. However, the long
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chain fatty acid (LCFA) composition of the diet Haeen shown to modulate the magnitude of
this induction.

In human, changes in dietary intake of SFAs coteédlgositively to plasma leptin
levels. (Reseland, Haugen et al. 2001). The oppas#s observed for PUFAs intake. In
parallel, wild-type rats fed a-3 PUFA-enriched diet (Reseland, Haugen et al. 2001
(Ukropec, Reseland et al. 2003) or fa/fa Zuckes fatl a dietary CLA supplemented diet
(Noto, Zahradka et al. 2007; Gudbrandsen, Rodrigiied. 2009), have lower plasma leptin
concentration and reduced leptin mMRNA expressidiiigeted adipose tissue as compared to
high SFA containing diet. This inhibitory effect l&ely to involve direct modulation of
adipocytes by fatty acids @s vitro studies have shown that isolated rat adipocytesmgia
presence of DHA, EPA or CLA have reduced levelpath basal and insulin-induced leptin
secretion (Perez-Matute, Marti et al. 2007; Perestte, Martinez et al. 2007). In addition,
DHA and EPA were able to decrease human leptin pteractivity in a human trophoblast
cell line (Reseland, Haugen et al. 2001). Theselteesupport a global down-regulation of
circulating leptin levels produced by adipocytedhr presence of PUFAs, and contrariwise
for SFAs. Given the impact of leptin on bone in ealie of central influence, and the
beneficial effect oin-3 on isolated bone forming cells, these data sdpghe complexity of
the system. In fact, leptin induced regulation ohé mass is even more complex, with
differential effects depending of the dose (Marfgvid et al. 2007) and the skeletal site
(Hamrick, Pennington et al. 2004; Guidobono, Paggnal. 2006). Therefore, it remains
difficult from a “leptin point of view” to furtheconclude on the relationship between high fat

diets and bone altered metabolism.

b. Adiponectin

Interest in adiponectin involvement in bone homasist originates from the study of
Berner et al., demonstrating that this hormone igsdeceptors AdipoR1 and AdipoR2 are
expressed in bone-forming cells and that recombiadiponectin enhances the proliferation
of murine osteoblasts (Berner, Lyngstadaas et @4R Thereafter, the positive role of
adiponectin was confirmed both in human and muostoblasts where fixation of the
hormone to its receptor AdipoR1 induces their feadition via activation of JINK and their
differentiation via p38 and AMP kinase respectivélylo, Guo et al. 2005) (Kanazawa,
Yamaguchi et al. 2007). Moreover, adiponectin cetatdts osteoclastogenesis by inhibiting
TNF-o/RANKL-stimulated NFATc1 expression (Yamaguchi, Kuaket al. 2008). However,

in spite of these promisinig vitro results, adiponectin-deficient (Ad-/-) mice do mxhibit
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abnormality in bone mass or turnover (Shinoda, Ygumhi et al. 2006). In addition,

adiponectin has been widely negatively associatgld BMD in obese humans (Lenchik,
Register et al. 2003; Peng, Xie et al. 2008; NapBkdone et al. 2010). In growing
adiponectin transgenic mice, elevated circulatidgp@nectin led to lower femur BMC at 8
and 16 weeks of age (Ealey, Kaludjerovic et al.800n addition, in a human co-culture
system consisting of PBMCs, adiponectin stimulatedteoblast-induced osteoclast
differentiation by promoting the expression of the-resorbing cytokine RANKL while

inhibiting OPG expression via the AdipoR1/p38 patgiuo, Guo et al. 2006).

Unlike leptin and most other adipokines, adiponetgivels are decreased in obesity.
In rats, SFAs and trans fatty acids WAT content evaegatively correlated with both
adiponectin plasma concentration and WAT RNA exgoes while MUFAs and PUFAs
content showed the opposite (Perez de Herediah®armat al. 2009) (Saravanan, Haseeb et al.
2005). Interestingly, the decreased expressiordigioaectin in WAT of mice fed a high fat
(mostly SFAs)/high sucrose diet was counteractethbyincorporation of©v-3 PUFAs in the
diet but not by the incorporation af-6 PUFAs (Todoric, Loffler et al. 2006). In additio
EPA alone was able to abolish the high fat dietiostl reduction in adiponectin plasma
concentration when added to the diet in C57/BL&eaniFrom a mechanistic point of view,
both EPA and DHA were shown to induce adiponeaticregtion by adipocytes, in a PPAR
dependant and a PPARINndependent fashion for DHA and EPA respectiveQstér,
Tishinsky et al. 2010; Tishinsky, Ma et al. 2010).

Concerning CLA, t10,c12 isomer treatment resultas reduced adiponectin expression
in WAT both in daily gavaged mice (Poirier, Shapebal. 2006) and in fa/fa rats fed a
t10,c12-CLA supplemented diet (Gudbrandsen, Rodaget al. 2009)In vitro however,
t10,c12-CLA was unable to modulate the secretioradiponectin in 3T3L1 adypocytes
whereas the ¢9,t11 isomer induced a significameemse (Ahn, Choi et al. 2006).

Taken together, the global impact of adiponectin mne remains difficult to
determine and may depend on the model and contefiangmatory, oxidative...). Thus,
understanding the bone consequences of adiporegfidation by fatty acids (upregulation
by ®3 PUFAs and MUFAs and downregulation by SFAs amahdrFAs) requires further

integrated investigations.

c. Inflammatory cytokines
An important aspect of WAT/bone interactions corfresn the capacity of WAT to

secrete a wide range of inflammation-modulatoryokiytes. Among them, classical pro-
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inflammatory factors such as TNE-IL-6 or IL-1 are found and are known to be key
mediators in the process of osteoclast differentiaand bone resorption boith vitro andin
vivo (Khosla 2001; Mundy 2007). In addition, the accatied bone loss at menopause is
thought to be linked to the increased productiothese cytokines as mice lacking IB-and
TNF genes (Vargas, Naprta et al. 1996), over-esprgssoluble TNFe decoy receptor
(Ammann, Rizzoli et al. 1997) or treated with anlllreceptor antagonist(Kimble, Matayoshi
et al. 1995) are resistant to ovariectomy-inducauedoss.

During obesity, as WAT expands, adipocytes increias®oth size and number,
leading to adipocyte dysfunction (Guilherme, Virbaset al. 2008). Secretion of pro-
inflammatory factors by hypertrophied adipocytegrsatly increased, and furthermore, lipid-
engorged adipocytes die and release their contediich recruit macrophages (Weisberg,
McCann et al. 2003) that further increase pro-mfiaatory cytokines production.
Overconsumption of fatty acids contributes to weighin and inflammation (Lundman,
Boquist et al. 2007), but SFAs and Trans fatty scidcluding t10,c12-CLA have a
particularly strong effect on the inflammatory capaof white adipose tissue (WAT). This
has been demonstrated both in humans (Riserus 20@Banimals (Poirier, Shapiro et al.
2006; Kalupahana, Claycombe et al. 2010). This aapaf SFAs and t10,c12-CLA to
promote WAT inflammation involves : 1) Increased-omflammatory cytokines production
by adipocytes via NikB dependant mechanism (Poirier, Shapiro et al. 2@uhaeffler,
Gross et al. 2009). 2) Promotion of macrophageuigent to WAT via JNK and NkB
induced overproduction of monocyte chemoattractpndtein-1 (MCP-1) (Takahashi,
Yamaguchi et al. 2008) (Weisberg, Hunter et al. 80®) Increased pro-inflammatory
cytokines production by resident macrophages (Sarggnranimoto-Koyama et al. 2007).

Interestingly, some classes of fatty acids haveointrast shown protective properties
in regard to WAT inflammation. For instance, in mie-3 PUFAs supplementation in a high
fat diet rich in SFAs were able to prevent both ith@ease in WAT macrophage infiltration
and in inflammatory factors gene expression (Tagotioffler et al. 2006; Kalupahana,
Claycombe et al. 2010). These anti-inflammatorypprtes on WAT activities were also
driven by MUFAs (Kennedy, Martinez et al. 2009; \Rifk, Feskens et al. 2009).

Besides, it is worth noting that leptin and adipgdime may also be involved in this
modulation of WAT inflammation as leptin has beewurfd to stimulate inflammatory
responses (van Dielen, van't Veer et al. 2001)envddiponectin acts as an anti-inflammatory
cytokine (Ouchi, Kihara et al. 2000).
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Taken together, these wide literature data enliglt@mplex relationships between
fatty acids, adipose tissue metabolism and bonedetiing that cannot by itself fully explain
the global effects of fatty acids intake on bond #rus require a further integrated point of

view.

2. Digestive tract
Gut is an endocrine organ and secretes a varietyoomones involved in many
physiological processes, including bone remodellWith regard to the close relationships
between digestive tissues and food intake, it issogprise that stomac, gut and colon
hormones are regulated by nutrients. This paragwalbliocus on hormones known for their
bone regulating properties whose production ooaatiay be modulated by fatty acids.

a. Ghrelin

Ghrelin is a growth hormone secretagogue produgeithd gastric fundus in response to
fasting which synthesis is inhibited by food intakéhis orexigenic peptide acts via a
hypothalamus relay. Interestingly, ghrelin recepisr expressed by osteoblast and its
stimulation leads to increased differentiation gmdliferation of these bone forming cells,
thus suggesting an anabolic role of ghrelin in bmemaodelling (Maccarinelli, Sibilia et al.
2005; Delhanty, van der Eerden et al. 2006). Imahmodels, ghrelin administration in rats
increases BMD independently of food intake or weggin (Fukushima, Hanada et al. 2005).
In addition, ghrelin was effective in promoting tihdramembranous bone repair of a rat
calvaria defect in association with an increasthefRNA expression of ALP, Oc and Colla
(Deng, Ling et al. 2008). In contrast to leptinptal infusion of ghrelin results in a decrease
in sympathetic tone which may contribute to thebatia effect of ghrelin (Yasuda, Masaki et
al. 2003). However, ghrelin-null knockout mice éxhnormal bone mass (Sun, Ahmed et al.
2003). In humans, fasting serum ghrelin was negitieorrelated with serum CTX, a marker
of bone degradation, thus supporting its bone di@apotential (Huda, Durham et al. 2007).
These data correlate with a slight, but significantrease in femoral neck BMD after
treatment with an oral ghrelin mimetic (Nass, Pézzoal. 2008).

Lower fasting ghrelin level have been associatetth Wigh percentage of body fat
(Tschop, Weyer et al. 2001), as well as overfeedang high-fat dietary supplements
(Robertson, Henderson et al. 2004), thus risingotiesibility of a deletary impact of high fat
diet on ghrelin production. This hypothesize wasficmed in rodent studies demonstrating

that high fat diets induce hypoghrelinemia in biats (Ebal, Cavalie et al. 2007; Handjieva-
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Darlenska and Boyadjieva 2009) and mice (Moesgafikn et al. 2004). Alternatively, the
class of the fatty acids in the diet seems anotimgortant factor. A recent work from
Delhanty et al. suggests that unsaturated fattgisamay modulate ghrelin signal without
affecting its synthesis. In fact, OA and LA werdeatp cause a significant increase in the
sensitivity of the GHSR and to suppress the inbifgiteffect of a ghrelin pretreatment on
subsequent ghrelin responsiveness, probably thramghncrease of cellular membrane
fluidity (Delhanty, van Kerkwijk et al. 2010). Inddition, mice fed with a low n6/n3 ratio
show better fasting ghrelin serum concentration maned to mice fed high n6/n3 ratio
(Burghardt, Kemmerer et al. 2010). In this contgkirelin appear to be a potent candidate for

mediating the various effects of fatty acids ondaon

b. Incretins

GIP (glucose-dependent insulinotropic peptide) &héP-1 (Glucagon-like Peptide-1)
are both secreted by the intestine (small and Jargeesponse to feeding. They are incretins
that increase the insulin production in the parcrdde GIP receptor is expressed by both
osteoblasts (Bollag, Zhong et al. 2000) and ossstel(Zhong, Itokawa et al. 2007) and its
activation leads to an increased osteoblast nurabdractivity and prevents PTH-induced
osteoclast activatiom vitro (Zhong, Itokawa et al. 2007), suggesting a protectffect of
GIP regarding bone degradation. As a matter of, iatermittent administration of GIP to
ovariectomised rats attenuates bone loss (Bollagndg et al. 2001). However, in osteoblasts,
continued GIP exposure leads to a decreased ekprassthe GIP receptor, underlining the
importance of a pulsatile delivery in order to &c@ anabolic effects. Consistently,
transgenic mice over-expressing GIP have incredsmte mass due to increased bone
formation and decreased bone resorption as wedasced bone loss with aging (Xie, Zhong
et al. 2007; Ding, Shi et al. 2008). In the sameg/,wWalP receptor knockout mice reveals,
along with the expected altered insulin responséodtal intake (Miyawaki, Yamada et al.
1999), a low bone mass phenotype due to reducee fmvmation and increased osteoclast
number and activity (Tsukiyama, Yamada et al. 2006)

The GLP-1 receptor knockout mice display somehosinglar phenotype (Yamada,
Yamada et al. 2008). However GLP-1 has no direfeicefon bone cells. Indeed, although
GLP-1 receptor has been reported to stimulate fpration of mesenchymal stem cells and
inhibits differentiation to adipocytes (Sanz, Vaeget al. 2010), bone defect is rather thought
to be caused by reduced calcitonin levels, as Gl&ecéptor is expressed on thyroid C cells

and as its stimulation by GLP-1 increases secrationalcitonin (Yamada, Yamada et al.
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2008). In addition, administration of GLP-1 imprgvetrabecular bone mass and
microarchitecture in rats with streptozotocin-inddc diabetes suggesting an insulin-
independent action (Nuche-Berenguer, Moreno éx(419).

GIP and GLP-1 impact on bone may be regulated hyirfgestion. In fact,
triglycerides triggers a greater and longer last®ig-response compared to carbohydrate
(Krarup, Holst et al. 1985). More precisely, thegvlé to be transformed to long-chain free
fatty acids to influence GIP- or GLP-1 secretiorlr{@mann, Kapelle et al. 2008) (Enc,
Ones et al. 2009). In addition, a more potent eideédMUFAS as compared to SFAs has been
observed botln vitro (Rocca, LaGreca et al. 2001) andvivo (Thomsen, Rasmussen et al.
1999; Rocca, LaGreca et al. 2001). In fact, in,ratprolonged high saturated-fat diet results
in an impaired GIP secretion associated with anesse apoptosis of duodenal enterocytes,
suggesting that a lipoapoptotic phenomenon maya@xphe less potent effect of SFAs on
incretin production (Gniuli, Dalla Libera et al. @8). From a mechanistic point of view,
release of incretins by free fatty acids may ineoy-protein coupled receptors. Both GPR40
and GPR120, two receptors for LCFAs (Briscoe, Tgdayet al. 2003; Hirasawa, Tsumaya et
al. 2005), are expressed by incretin secretings d@larker, Habib et al. 2009). However,
GPR120 seems more important in regard to the $agret incretins in response to free fatty
acids (Hirasawa, Tsumaya et al. 2005; Hara, Hirasatal. 2009). In another hand, GLP-2
has been extensively described for its effectsammephowever, although it is produce by the
same cells as GLP-1, the literature does not depiginfluence of its expression by free fatty
acids. Thus, as for ghrelin, GIP and GLP-1 couldtgbute to mediate the different effects of

fatty acids on bone.

c. Calcium absorption

Impaired calcium absorption is a frequent featufe aged-related or estrogen
deficiency-associated bone loss (Wright, Proctoale2008). In human, high saturated fat
diets have been reported to interfere with int@stoalcium absorption. As a matter of fact,
free fatty acids may form unabsorbable insolubleigcan soaps and therefore contribute to
low calcium absorption (Carnielli, Luijendijk et.al996; Koo, Hammami et al. 2003).
However, this reaction may depend on fatty acid<land suffers a few discrepancies.
Indeed, Merrill et al. showed that treatment ofbialisolated brush border membrane from
rabbit small intestine with unsaturated fatty acidsults in a stimulation of &auptake
whereas treatment with SFAs has no effect (Merffipulx et al. 1986). In the same way,

small intestine from rats fed either high PUFA aghhMUFAs diets show increased ion
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transport in Ussing chamber whereas high SFA deétices it (Cartwright-Shamoon, Dodge
et al. 1995). At a molecular level, n3 PUFAs such BHA and EPA increase total
transepithelial Ca transport involving the reguatof membrane ATPases (Haag, Magada et
al. 2003) and enhancement of transcellular Ca pans(Gilman and Cashman 2007).
Consequently, the modulation of calcium absorptignfatty acids intake may partially

explain the impact of fat diets of bone mineralsignand content.

3. Pancreas

Pancreas impacts bone health by secreting peptidesanabolic properties through
modulation of bone cells activities. Indeed, insukceptors are expressed on both osteoblasts
and osteoclasts, allowing insulin to increase bfommation and decrease bone resorption
bothin vitro andin vivo (Pun, Lau et al. 1989; Cornish, Callon et al. 298%mas, Udagawa
et al. 1998). In addition to its classical recepiosulin also binds and activates the IGF-1
receptor expressed by osteoblasts to exert anaaclions. However, this latter signalling
pathway is likely to be of lesser importance asmubal or genetic inhibition of IGF-1
receptor signalling does not affect osteoblastigeitg to insulin (Fulzele, DiGirolamo et al.
2007).

a. Insulin deficiency and hyperglycemia effects on b®n

In type 1 diabetes, insulin deficiency is associaté&ti reduced bone mass, suggesting
that insulin plays an important role on the regalabf bone remodelling (Bouillon, Bex et al.
1995; Munoz-Torres, Jodar et al. 1996; Thrailliiy et al. 2005). Accordingly, studies on
insulin receptor substrates (IRS-1 and IRS-2) daiic mice have revealed osteoporotic
phenotypes in both cases with reduced insulin 6+1Gnduced osteoblastic proliferation and
differentiation (Ogata, Chikazu et al. 2000; Akur@@gata et al. 2002). IRS-2 deficient
osteoblasts also exhibit an increase in RANKL pobidm leading to increase
osteoclastogenesis in co-culture with bone marreNg ¢Akune, Ogata et al. 2002). However,
in 2006 Irwin et al. established the absence ofebpimenotype in mice with a specific bone
deletion of the insulin receptor, strongly suggesta rather systemic cause to explain the
bone defect associated with insulin dependant teabweellitus (Irwin, Lin et al. 2006).

Indeed, another obvious possible contributor te thabetic bone loss is hyperglycaemia
itself (Brownlee, Vlassara et al. 1984) as highcgke levels have been shown to induce a
couple of bone-deletorious mechanisms. Briefly,drgp/caemia has been linked to increased

oxidative stress, increased bone marrow adiposity eenal defects with hypercalciuria
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(Giaccari, Sorice et al. 2009). In parallel, itdsao high osteoclast activity (Williams, Blair et
al. 1997) and reduced osteoblast differentiationClsboe 2007).

In summary, insulin appears as a key regulator afebmetabolism both directly
and/or via its hypoglycaemic properties. In thigamel, fatty acids are very important factors
for bone, as they modulate both the pancreatidimguoduction (Prentki, Joly et al. 2002)
(Nolan, Madiraju et al. 2006) and the insulin tidungion signal in the targeted cells (Samuel,
Petersen et al. 2010). Besides, FFAs may haverdiffeeffects on bone through alteration of
pancreatic function depending on whether isletose is acute or chronic. The latter leads
to either reduced insulin biosynthesis (Poitoutgidan et al. 2006), secretion (Elks 1993;
Zhou and Grill 1994) and inducdscell apoptosis (Kawai, Hirose et al. 2001; Maedler
Spinas et al. 2001). Importantly, the chornic @fecf FFA on insulin secretion, insulin
biosynthesis and B-cell viability are thought to tmediated by, at least partially, distinct
pathways (Poitout and Robertson 2008).

b. Fatty acids and insulin expression and release

Fatty acid deprivation of islet tissue causes @sgucose-stimulated insulin secretion
(GSIS), a process rapidly reversible by replacenagtit exogenous FFAs (Stein, Esser et al.
1996). In the same way, acutely elevated FFA suapgments GSIS both vivo andin vitro
(Stein, Esser et al. 1996; Roduit, Nolan et al.£0M® has been shown on perfused rat
pancreas that the magnitude of the FFA-induceceas® in insulin release depends on their
length and degree of saturation. Briefly, shortichHeFAs are less potent than long chain
FFAs; SFAs are more potent than MUFAs or PUFAsi\St8tevenson et al. 1997), and
among PUFAs, AA have been found more active than O® LnA, EPA and DHA in
inducing insulin release from isolated rat isldiée{z 1988). According to available data,
enhancement of GSIS by fatty acids involves botkatliactivation of the membrane bound
fatty acid recptor GPR40 (Briscoe, Tadayyon et 24l03; Itoh, Kawamata et al. 2003;
Fujiwara, Maekawa et al. 2005; Nagasumi, Esaki.2@9) and modulation of intracellular
metabolism of FFA leading to accumulation of ligignalling molecules such as long-chain
acyl-CoA and diacylglycerol known to favour exogito(Nolan, Madiraju et al. 2006).

However, in contrast to acute effects, chronic expe to high fatty acids
concentration lead to altered pancreatic activity decrease insulin release. As suggested by
the observed insensitiveness of islets from GPR@0nkce to chronical fatty acids exposure,
GPR40 was first thought to be a stepstone of tleegss (Steneberg, Rubins et al. 2005).

However, as following studies were unable to repoedthese findings (Latour, Alquier et al.
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2007), it is likely that the role of GPR40 in thangreas may be limited to the acute effects of
FA. Other mechanisms have been suggested includirkf-A-mediated upregulation of
Uncoupling protein-2 (Lameloise, Muzzin et al. 20@riaud, Kelpe et al. 2002). This
mitochondrial carrier was demonstrated to impasulim secretion (Chan, De Leo et al. 2001;
Joseph, Koshkin et al. 2002) and enhance FFA-mextliperturbation of the late stage of
insulin exocytosis, thus preventing the hormonkdaeleased from the fusion pore (Olofsson,
Collins et al. 2007). This inhibition of insulin@etion is driven to the same extent by oleate
or palmitate suggesting that only the amount df/fatid may account for it to occur (Moore,
Ugas et al. 2004).

Unlike the hormone secretion, the inhibition ofulis gene expression by fatty acid
seems limited to palmitate (Moore, Ugas et al. 2008us, it was hypothesized to involde
novo synthesis of ceramide, a process using palmitatamexclusive substrate. Indeed,
isolated islets show elevated level of ceramidéhanpresence of palmitate and when diee
novo cermaide synthesis is inhibited, the decreasensnlin gene expression is prevented
(Kelpe, Moore et al. 2003). This ceramide-induadibition of insulin gene expression may
involve an activation of the JNK signalling pathwéMathias, Pena et al. 1998; Solinas,
Naugler et al. 2006).

c. Lipids andp-cells apoptosis

The last consequence of chronic fatty acid islgbosyre is the induction oB-cell
apoptosis. Many mechanisms have been proposedntalede to this FFA inducef-cell
death including modulation of intracellular lipidetabolism (El-Assaad, Buteau et al. 2003;
Ruderman, Cacicedo et al. 2003), ceramide formd&dmmabukuro, Higa et al. 1998; Lupi,
Dotta et al. 2002), oxidative stress (Piro, Anadloal. 2002; Maestre, Jordan et al. 2003),
inflammation (Busch, Cordery et al. 2002) and era&pic reticulum stress (Laybutt, Preston
et al. 2007).

The ability of FFA to induceB-cell apoptosis varies greatly depending of their

structure. Even if chronic exposure®tell to excessively high levels of any fatty adds
to decreased viabilityn vitro (Azevedo-Martins, Monteiro et al. 2006) irrespeetiof the
fatty acid structural features, very important eliéinces exist between FFA species. On the
one hand, long chain SFAs have been shown to exsitonger toxicity than shorter chain
SFAs (Eitel, Staiger et al. 2002). On the otherdhdine differences are even more pronounced

between saturated and unsaturated FA, the latem exerting protective properties under
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appropriate conditions (Maedler, Oberholzer et28l03; Welters, Tadayyon et al. 2004;
Furstova, Kopska et al. 2008; Wei, Li et al. 2010).

For instance, it has been shown that the MUFA eleatmuch less efficient that
palmitate in inducing-cell apoptosis, needing very prolonged exposuneash a mild loss
of viability (Cnop 2008). In addition, the combimat of the two FFAs leads to reduce
apoptosis as compared to palmitate alone (Dhayaltefé et al. 2008). This protective effect
of oleate (C18) can be reproduced by palmitole@tes] but at a lesser extent by myristoleate
(C14) and is further reduced with shorter molecugleggesting an importance of the chain
length in the cytoprotective efficacy (Dhayal, Vée#t et al. 2008). It is worth noting that the
trans counterparts of the naturally occurring cidMAs are less effective in preventing the
palmitate-induceg-cell apoptosis (Dhayal, Welters et al. 2008).

B-cell anti-apoptotic properties have also been foconcerning PUFAs including LA,
LnA, AA or EPA (Papadimitriou, King et al. 2007; \Wei et al. 2010) (Beeharry, Lowe et al.
2003). Finally, islets from the transgenic mousedeidat-1, endogenously producing3
PUFAs, have been shown to be protected againshflfasamatory cytokine-induced (Wei, Li
et al. 2010) and STZ-induced (Bellenger, Bellengieal. 2011)B-cell death in association

with -3 dependant production of anti-inflammatory eicasds.

d. Amylin

Along with insulin, the pancreas secretes a wiageaof potentially bone-modulating
compounds. Among them, amylin is a peptide hormaheged to calcitonin that is secreted
by B-cells in response to feedindn vitro, it has been shown to inhibit osteoclast
differentiation and motility (Alam, Moonga et a993) by binding the amylin receptor which
is formed by the calcitonin receptor dimerized witteptor activity modifying proteins
(RAMPS)(Naot and Cornish 2008). In addition, a pwsi role of amylin in inducing
osteoblast differentiation was also found (CorniShllon et al. 1998; Cornish, Callon et al.
1999).

Analyse of amylin knockout mice reveals a low bomass phenotype mainly
associated with increased osteoclast number andityctvith no change in osteoblast
parameters (Dacquin, Davey et al. 2004). Furtheggrsystemic amylin administration results
in bone anabolism in “normal” mice (Cornish, Calletnal. 1995; Cornish, Callon et al. 1998)
and counteracts type 1 diabetes (Horcajada-Mol@manteranne et al. 2001) or ovariectomy-
induced (Horcajada-Molteni, Davicco et al. 2000p&doss by inducing bone formation and

reducing bone resorption in mice and rats respegtiFinally reduced amylin levels were
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found in patients with osteoporosis as comparedhdalthy controls (Bronsky and Prusa
2004).

Amylin blood basal concentration is higher in obdisan in lean human subjects
(Reda, Geliebter et al. 2002) as well as in rodé&adsa high fat diet (Pieber, Roitelman et al.
1994; Westermark, Leckstrom et al. 1998). In additfatty acids have been shown to induce
both amylin secretion (co secreted with insulin)l #8 expression at a transcriptional level in
murine p-cells (Qi, Cai et al. 2010). Considering the bamabolic properties of amylin, its
upregulation might represent a mechanism explairting high bone mass sometimes
associated with obesity. However, in human, amigiable to polymerize to form cytotoxic
amyloid fibrils in the islets. These cytotoxic filsrare thought to contribute to the losspef
cell mass observed in type 2 diabete (Guardado-blemdDavalli et al. 2009) and their
formation requires both high amylin levels and hfgh feeding (Westermark, Arora et al.
1995). In this context, it is worth noting thattwwated fatty acids are more potent than
MUFAs and PUFAs in inducing amyloid formation boih vivo and in vitro (Ma and
Westermark 2002).

In addition to insulin and amylirg-cells also produce another peptide hormone: the
preptin. This compounds increases osteoblast pratibn and survivah vitro and was found
to be bone anabolic when administered to normalenfiCornish, Callon et al. 2007).
However, the association between preptin, fattydsacand bone health remains to be
investigated.

Finally, given the role of bone regulating factaeleased by pancreatic cells,
modulation off-cell functions by fatty acids has to be taken iatzount when considering
bone and lipids relationships.

4. Other tissues

A growing body of evidences suggests that besidgsoae and digestive tissues, bone
metabolism may be altered in case of several orggsi®egulations including liver, kidney or
skeletal muscles. The link between these threensrgad fatty acids may involve a cluster of
life-shortening obesity-related commorbidities ndmmetabolic syndrome. In most of
patients, this metabolic status results from atifie-induced caloric mismatch due to both an
insufficient physical activity and an excessive rggeintake. The caloric excess leads to an
overwhelming of WAT lipid storage capacities antdseguent ectopic accumulation of these

lipids (steatosis) that damage nonadipose orgassdimg skeletal muscle, liver and kidney

92



and which, in return, may impact bone health (Uraged Orci 2001; McGavock, Victor et al.
2006).

a. Liver

Osteoporosis is frequently associated with chrdimer diseases (CLD), especially with
late stages, with established liver cirrhosis thay originate from alcoholic or non-alcoholic
steatosis (Guanabens and Pares 2010). Mechanisieslyimg this association are far from
being completely understood and may involve fatig anetabolism.

Two recent studies demonstrate that livers of fadswith high levels of saturated fat
present all features of evolved steatosis, withieased inflammation, oxidative stress and
fibrosis (Carmiel-Haggai, Cederbaum et al. 2005y,4a et al. 2006). This observation was
later confirmed in humans, as lipid intake has bassociated with hepatic steatosis and
hepatic inflammation (steatohepatitis) (Vilar, @iira et al. 2008).

At a cellular level, conditioned media from palntéreated primary hepatocytes has been
shown to contain unidentified factors promoting fiveliferation of Hepatic Stellate Cells
(HSC) and inducing their expression of profibrogegenes including TGB-and tissue
inhibitor of metalloproteinases 1 (TIMP1) (Wobs@&oprn et al. 2009). In addition, FFA-
treated hepatocytes were shown to have an increagaession of the pro-inflammatory
cytokines TNFe (Feldstein, Werneburg et al. 2004) whereas cagdl media from
palmitate treated primary hepatocytes has been rshowtrigger increased expression of
monocyte chimoattractant protein 1 (MCP1) by HS@&kljser, Dorn et al. 2009). These
increases in liver inflammation and oxidative sfresay, in addition to their contribution to
the liver degradation, contribute to modulate gysteredox and inflammation status
supporting increased bone resorption.

In the same way, an overexpression of the spetiadrfectin isoform containing the
oncofetal domain, a protein is known to inhibit bdormation bothn vivo andin vitro, was
correlated with liver alterations (Kawelke, Bentmast al. 2008). In contrast, production of
the osteoblast-stimulating factor IGF-1 productinliver (Cemborain, Castilla-Cortazar et
al. 1998) (Gallego-Rojo, Gonzalez-Calvin et al. 8P%vas found to be reduced during
steatosis establisment. Therefore, taken togetiethese modifications may contribute to
unbalance bone remodelling processes as obsenaidanic liver diseases.

In the literature, osteoporosis prevalence seentotelate with the severity of the
liver cirrhosis rather than the etiology (Gioulenvgzantiadis et al. 2006). Therefore, it is of

major interest to notice that the severity of tieedse and its subsequent impact on bone may
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depend on fatty acid type. Indeed, feeding micehvitans FAs (partially hydrogenated
vegetable oil) has revealed an even more deletergdtect of these fatty acids on liver
behaviour as compared to SFAs (Tetri, Basaranoglal.e2008; Obara, Fukushima et al.
2010). In contrast, n3 PUFAs have been shown te baweficial properties on establishment
and evolution of liver steatosis. As a matter aftfa-3 PUFAs or DHA dietary treatment of
leptin-deficient obese mice result in reduced hepigtid content. (Sekiya, Yahagi et al.
2003; Kim, Lee et al. 2008). The beneficial effetn3 PUFAs is thought to be caused by
their action as suppressors of the sterol reguylat@ment binding protein 1 (SREBP1) which
result in a downregulation of the lipogenic gengressions and subsequent decrease of
synthetic rate and amount of storage triglycerigeshe liver. In another model of mice
hepatic steatosis, EPA-mediated improved liver matars were also linked to
downregulation of SREBP1 and antioxidant, antianfmatory and anti-fibrotic actions
(Kajikawa, Harada et al. 2009) (Hao, Wong et alLl®O0 This reduction in disease burden,
oxidative stress and inflammation was confirmedilfferent clinical trials both in adults and
children (Capanni, Calella et al. 2006) (Zhu, Liuaé 2008; Sofi, Giangrandi et al. 2010)
(Tanaka, Sano et al. 2008) (Nobili, Bedogni eR8l10). However all these studies were done
on relatively small samples and appropriately p@adrials are required to definitely validate
the clinical benefit oiv-3 PUFAs on liver steatosis. In parallel to whatsvedserved with
PUFAs®-3, MUFAs and CLA were both shown to exhibit beoigli effect on chronic liver
diseases development. Olive oil (rich in MUFAS) fatk resulted in milder liver fat content
as compared to SFA fed rats in the methionine-okolieficient diet model of hepatic
steatosis (Hussein, Grosovski et al. 2007) whef@b& protected fa/fa rats against the
accumulation of fat in their liver with a reducerpeession of the TNle- mMRNA (Nagao,
Inoue et al. 2005). Overall, available data cleatdggest a potential beneficial impactn8
PUFAs, MUFAs and CLA on liver-induced bone altesa. Mechanisms may involve
prevention of both, liver steatosis establishmemd aro-inflammatory context driving its
evolution to bone loss-associated cirrhosis state.

In another hand, alcohol-induced hepatic steaisdisstologically indistinguishable from
high fat diet-induced liver steatosis and sharéeast two mechanistic pathways, oxidative
stress and pro-inflammatory cytokines. (Lieber 2000g and Diehl 2000) Nevertheless,
despite these similarities the role of fatty acammposition in the development of the liver
injury dramatically differs. In fact, in the presenof alcohol SFAs prevented whereas PUFAs
promoted alcohol-related liver injury (Nanji, Memdhall et al. 1989; Ronis, Korourian et al.

2004). Surprisingly, the mechanism(s) by which iied fats protect against alcohol-induced
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liver injury involve reduction of proinflammatory ediators, including TNFe
cyclooxygenase-2 and NEB, and reduction of oxidative stress. (Nanji, Zakemal. 1997;
Nanji, Jokelainen et al. 2001) Since long chain Spfomote oxidative stress and activate
inflammatory pathways in absence of alcohol, itnsedikely that the presence of alcohol
alters metabolism of specific fatty acids withirssties. Therefore, despite the global
beneficial effect ofo-3 on bone metabolism, the design of nutritionghtegies to prevent
from liver-associated bone alteration must take iatcount the cause of chronic liver

diseases.

b. Kidneys

Kidneys and bone work in concert to regulate thedastasis of body electrolytes. Then,
it is not surprising that secondary bone defectpatients with either acute or chronic renal
disease (CKD) are frequent clinical features. As lirer, kidney steatosis is mostly
asymptomatic but it may evolve and associated g&h more deleterious features including
lipoapotosis, increase of pro-inflammatory molesulexidative stress and progressive organ
fibrosis. If not taken care of, it may ultimatelgsults in severe renal glomerulosclerosis
(Kume, Uzu et al. 2007) and associated bone defé@pending of their amount and
structure, lipids in general and fatty acids intjgatar are key actors in the establishment of
the ectopic fat accumulation and its above-mentaelution.

Mechanisms linking fatty acids to CKD and potergaasated bone altered architecture
are quite similar to those described for chronieerli diseases. Glomerulosclerosis and
albuminuria observed in mice fed a high saturatedliets (Kume, Uzu et al. 2007; Tanaka,
Kume et al. 2010) was associated with an increasenal pro-inflammatory markers (via a
macrophage interstitial infiltration), oxidative resss markers and interstitial fibrosis
(Okamura, Pennathur et al. 2009; Li, Wang et all020Investigating more in depth the
cellular mechanisms, two studies demonstratedttiegpalmitate induce the production of the
pro-inflammatory molecule MCP-1 from both mesangglls (Tanaka, Kume et al. 2010) and
proximal tubular cells (Soumura, Kume et al. 2010).

At the opposite of SFAsp-3 PUFAs (Barcelli, Weiss et al. 1990) (Chin, Fuaét
2010) and t10,c12-CLA (Drury, Warford-Woolgar et 2009) exert renal protective effects.
In both cases, renal anti-inflammatory and antidilz properties have been established in
animal models (Cappelli, Di Liberato et al. 1999gporn, Nitschmann et al. 2003) (Lu,
Bankovic-Calic et al. 2003). The-3 PUFA renal anti-inflammatory properties may come

from their ability to blunt the palmitate-inducettieased in MCP-1 production by mesangial
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cells (Soumura, Kume et al. 2010). Besides, mick d&emixture of DHA and EPA have
reduced SREBP1 renal expression which has beennsinowitro to decrease the production
of pro-fibrotic factors by mesangial cells (Chiny Et al. 2010). Finally, anyhow fatty acids
impact kidney function greatly correlates with botiessues behaviour; however, the

underlying molecular mechanisms remain to be furdeeiphered.

c. Muscles
Skeletal muscle is a dynamic tissue whose primalgy/ is the development of forces.

In this regard, muscle mass and strength are lagriathat contribute to bone quality such as
density, strength, and microarchitecture by reguygibone mechanical stimulation (Crepaldi,
Romanato et al. 2007). There are several argunseiggesting that muscle strength is altered
in a context of diet induced obesity. Even if obpsesons usually have more muscle mass
and strength (Visser, Langlois et al. 1998), thetitoution of muscle mass to strength seems
to be inversely linked to the amount of body faaytte, Hanusaik et al. 1998). A potent
explanation lye on the well established associabetween diet induced accumulation of fat
in the muscle and insulin resistance (Silveiraptéiacini et al. 2008) (Kraegen and Cooney
2008). In addition to its obvious role in glucosmnteostasis, insulin signalling contributes to
the initiation of protein synthesis (Kimball, Hosky et al. 1998) (Balage, Sinaud et al. 2001)
(Prod'homme, Balage et al. 2005), a key mechanmmhied in the regulation of muscle
mass in response to external growth stimuli. Thaulin-induced increase in muscle protein
synthesis is inhibited in the context of diet inddabesity (Anderson, Gilge et al. 2008). In
addition, fatty acid infusions have been shownysregulate the AKT/mTOR pathway, thus
abrogating muscle adaptation (Belfort, MandarinaleR005; Pedrini, Kranebitter et al. 2005)
and leading to an attenuated load-induced musgertrpphy in mice fed a high saturated fat
diet (Sitnick, Bodine et al. 2009). Then, it is yegempting to speculate that, by favouring
insulin resistance in muscle, fatty acid accumatatieads to a decrease in muscle strength

that in return contribute to reduce bone mechamitadulation and subsequent bone loss.
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D - Lipids, inflammation and bone

1. Inflammation controls bone health
Bone health results in a highly regulated baldretereen formation by osteoblasts and
resorption by osteoclasts. During aging or undehgdagical circumstances as rheumatoid
arthritis, inflammatory bowel disease or chronistobctive pulmonary disease, that all share
an inflammatory state disorder, bone homeostagisaisatically impaired. It results in bone

loss that could lead to osteoporosis, fracturespaial

a. Inflammation is associated with bone loss

Type | osteoporosis is linked with estrogen witdvdal observed after menopause in
women. It as been shown that estrogen deficienicyukdtes the production of the pro-
inflammatory cytokines TNk IL-1 and IL-6 (Ralston, Russell et al. 1990; Ragi Brown
et al. 1991; Pfeilschifter, Koditz et al. 2002; Ran, Mysliwska et al. 2002). On the contrary,
in vitro andin vivo studies mentioned that estrogen treatment tenadwmn-regulate their
production (Pfeilschifter, Koditz et al. 2002). Thele of pro-inflammatory cytokines in
osteoporosis after estrogen withdrawal is confirrbgdgenetically modified mice models.
Actually, mice lacking the IL-1 type 1 receptor k6 genes did not significantly present
trabecular bone loss after ovariectomy (Poli, Balehal. 1994; Lorenzo, Naprta et al. 1998) .
However, constitutive activation of inflammatorytipaays as observed in transgenic mice
overexpressing TNk IL1 or IL-6, is sufficient to trigger systemic be loss (Schett, Redlich
et al. 2003; Aoki, Ichimura et al. 2005; De Bené&d&ucci et al. 2006).

Type Il osteoporosis, also called senile osteagsy@ccurs after the age of 70 years in
women twice as frequently as in men. Ageing is @ssed with a global inflammatory state
as revealed by an increase of circulating cytokmeels (Lencel and Magne). Actually,
several studies reviewed in (Bruunsgaard, Pedeatsah 2001; Krabbe, Pedersen et al. 2004)
have reported that IL-6 serum level is increasedlderly populations. It seems that it is not
always the case for TN&-as some studies find an increase or decreaseviévehdvanced
aging; these differences can be explained by tladthhetatus or the age of the subjects.
However, it is to note that this increase in thecudating inflammatory mediators is low
compared with the one observed during an acutermfiatory response and is rather a
chronic low-grade inflammatory state. These dafgett the idea that a local or a systemic

inflammatory state can lead to osteopenia and petesis.
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b. Inflammation controls bone cells activity

Osteoclasts are giant multinucleated cells derd/dtem haematopoietic precursors.
Their differentiation is largely dependent on the@&RANKL/RANK system besides the
macrophage stimulating factor M-CSF. Once diffaeatl, osteoclasts are responsible for
bone resorption (Asagiri and Takayanagi 2007; Edevand Mundy 2011). There are two
different ways by which pro-inflammatory cytokinesdulate osteoclasts differentiation and
activity: the first one implicates the regulatioh@PG/RANKL/M-CSF secretion by stromal
cells and the second one is the direct activitgydbkines on osteoclasts physiology. TNks
the major cytokine secreted by activated T cellshotytes and macrophages. When the
stromal/osteoblastic cells are stimulated by T&\Fhey produce more M-CSF and RANKL
that will activate osteoclasts (Hofbauer, Laceyletl1999; Kwan Tat, Padrines et al. 2004,
Kitaura, Zhou et al. 2005). IL-1 also promotes BRBNKL expression by marrow stromal
cells and osteoblasts (Hofbauer, Lacey et al. 1999) it appears that it plays direct
osteoclastogenic activity and also mediates thecei®f TNFea (Wei, Kitaura et al. 2005).
When the intensity of the TNé&-stimulation is more pronounced, it can directlynsiate
osteoclast differentiation independently of thesprece of stromal cells (Azuma, Kaji et al.
2000; Fuller, Murphy et al. 2002; Kitaura, Sandsakt2004). However, there is a strong
consensus of the synergistic action of cytokines RANKL on osteoclast differentiation and
activity (Lam, Takeshita et al. 2000; Komine, Kaket al. 2001; Zou, Hakim et al. 2001).
Finally, a direct control of osteoclastogenesis banperformed by the T cells themselves
through the secretion of RANKL. This could, in paexplain the bone loss induced by
estrogen deficiency (Weitzmann and Pacifici 200&itdhann and Pacifici 2007; Quinn and
Saleh 2009).

Pro-inflammatory cytokines are also implicated ihe control of osteoblast
differentiation and activityln vitro experiments have shown that TNF&nd IL13 inhibit the
MRNA expression of the key transcription factor Raimn foetal cavarial cells, MC3T3E1
and human mesenchymal stem cells (Gilbert, He.2(#12; Ding, Ghali et al. 2009; Lacey,
Simmons et al. 2009). TNé&-also controls Runx2 protein level by promotingdegyradation
by the ubiquitin-proteasome pathway (Kaneki, Guale2006). Moreover, TNk-also down-
regulates the transcription of another transchnptiéactor implicated in osteoblast
differentiation: osterix (Lu, Gilbert et al. 2006)hese effects result in a lower expression of
target genes as the osteocalcin or the collageplicated in osteoblast differentiation and
activity, and a lower mineralization capacity irspense to differentiation inducers (Gilbert,
He et al. 2002; Nanes 2003; Ding, Ghali et al. 200@mazaki, Fukushima et al. 2009).
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vivo evidences for the role of TNéin the control of osteoblastic differentiationsispported

by the increase of BMD in TNE-and TNFeR type | (p55) knock out mice that present a
higher bone formation (Li, Li et al. 2007). Alsd,-6 over-expressing mice have a decreased
osteoblasts actvity (De Benedetti, Rucci et al. @00 hus, inflammatory cytokines exert
deleterious effects on bone homeostasis by pregentopposite effects on

osteoblasts/osteoclasts activity.

2. Dietary lipids regulate inflammatory cytokines production: role in bone tissue
A major way by witch lipids control the bone homstasis is by their ability to
regulate the pro-inflammatory cytokines profile.téally, by modulating the systemic or local
secretion of pro/anti-inflammatory cytokines, thitys participate in bone cell proliferation,

differentiation and activity.

a. Human studies

In a clinical study reported by Griel et al., 6eke consumption of a high-PUFA diet
enriched inu-linolenic acid (o-3) resulted in a significant decrease in serum -bNlempared
to the control diet or a high-PUFA diet enrichedimoleic acid (v-6) (Zhao, Etherton et al.
2007). Interestingly, the N-telopeptides (NTx) serlevel, a bone resorption marker, was
significantly lower following the consumption ofdlw-3 rich diet, compared to the other
diets, suggesting the existence of a positive tairom between the level of circulating TN#f-
“land the bone resorbing activity.

Also, another human study realised with astronduting and after their spaceflights
revealed that a short-duration flight resulted ImNiF«B signalling activation measured by
p65 protein expression in peripheral blood monogarctells. This indicates that space flight
is associated with a systemic inflammatory statwaiZ, Pierson et al.). However, a high
consumption of fish (which is a rich sourcewdB fatty acids) during the flight was associated
with a reduced BMD loss and a reduced N-telopepéideretion during bed rest. These
human studies establish a link between lipid comion, the inflammatory state and bone
health.

b. Animal studies
In order to analyse the impact of dietary lipidstbe age related evolution of bone,

Waugquier et al. realized a lifelong lipid supplertaion in a murine model of senile
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osteoporosis SAMP8 (Wauquier, Barquissau et al1R0h this model, the 12 month old
SAMP8 that received a 10 month diet of sunflowereoiriched diet (high ratio i00-6/w-3)
presented a lower BMD that the control strain SAMRAlidating the age related bone loss
model. However, the diet supplementation with beraif (rich iny-linolenic acid) or fish oil
(rich in long chaingo-3 fatty acids) restored the femoral trabecular Bsiihe level of the
SAMR1 fed with the sunflower diet. This was assterawith a negative and a positive
modulation of mMRNA expression markers of osteoolgshesis and osteoblastogenesis
respectively in the femurs. It is to note that ILI6-6R and IFNgR1 inflammatory markers
MRNA expression were significantly lowered by tighfoil diet consumption. In the same
way, Uchida et al. reported that in OVX mice, ehfml diet supplementation resulted in a
higher femoral BMD and a lower TN&-serum concentration than those in the safflowker oi
diet group (Uchida, Chiba et al. 2010). In anotsterdy realized with 12 month old mice, a 6
month corn oil diet (rich inw-6 fatty acids) resulted in a loss of trabeculandwolume
associated with a higher mRNA expression levelyvbldnes TNFe, IL-13 and IL-6 in the
femur (Halade, EI Jamali et al. 2011).

Mammals cannot naturally produce3 fatty acids from the naturally more abundant
w-6 fatty acids; thus, Kang et al. have developéat-d transgenic mice model allowing the
conversion of dietaryo-6 to w-3 fatty acids (Kang, Wang et al. 2004). In thisdalp the
trabecular and cortical bone mass were higherarfémur of fat-1 mice compared to the WT
mice and the fat-1 mice were protected againsties@mmy induced bone loss (Bordin,
Priante et al. 2003). Also, the TNFand IL-13 serum levels were constitutively lower in fat-
1 mice (Rahman, Halade et al. 2009). Moreover, ie@-experiments have shown that bone
marrow cells derived from OVX-fat-1 mice producedelrNFe, IL-13 and IL-6 in response
to LPS than cells derived from OVX-WT mice (Rahm&mattacharya et al. 2009). This

effect was in part dependent on a lower activadibiine NF«B signalling.

c. Exvivo studies
Several ex vivo studies have investigated the impact of dietapidé on the
inflammatory state in the context of mice osteopm.oSun et al. have shown that OVX mice
consuming a 5% fish-oil diet rich -3 fatty acids have a significantly higher femadsaliD
than the corn oil diet OVX mice (Sun, Krishnan et2003). More importantly, TNIe- and
IFN-y secretion from spleen lymphocytes collected attdeathe animals and stimulated in

culture with concanavalin A were lower in the OVEH oil compared with the OVX corn oll
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group. A same decrease in TNFand IL-6 was observed in splenocytes and boneawarr
cells obtained from 6 month fish oil and Conjugaliedleic Acid (CLA) fed mice (Halade,
Rahman et al.). Using a preventive and a curatigeopol based on 12 weeks feeding with an
w-3 PUFA enriched diet post-OVX in mice, Zeitlin & have demonstrated that in both
experiments, w3 PUFAs decreased the secretion of non-induce@ Hnd TNFe from
cultured BMC and the ILf1 in bone marrow plasma (Zeitlin, Segev et al. 2003iis ant-
inflammatory activity ofw-3 PUFAs was corroborated by the significant insee&n the
secretion of IL-10, an anti-inflammatory cytokinetetn present a critical role in preventing
inflammatory and autoimmune pathologies (Moore, W&al Malefyt et al. 2001;
Hawrylowicz and O'Garra 2005; O'Garra, Barrat e2@08).

Also, in an aging female mice model of bone ladter 6 month of dietary treatment,
the 18-month-old fish oil-fed mice presented a kigiemoral BMD in comparison to the corn
oil-fed mice (Bhattacharya, Rahman et al. 2007)he Dsteoclast differentiation of bone
marrow cells isolated from the mice and treatedh WitCSF and RANKL was less effective
in the fish oil-fed mice group. Moreover, concanava stimulated splenocytes secreted less
TNF-a and IL-6. It is to note that a 8 week dietary tneent with a low
Eicosapentaenoic/Docosahexaenoic (EPA/DHA) ratib abso negatively controlled the
inflammatory cytokines TNFe IL-1p and IL-6 in LPS-activated murine resident periene
macrophage (Bhattacharya, Sun et al. 2007). Orcdh&rary, the feeding of a high fat diet
containing 10% corn oil (rich i-6) during 6 month in 12 month aged mice, resuited
reduced BMD in femurs and tibias and an increasprainflammatory cytokines secretion
(TNF-a and IL-6) inex vivobone marrow and splenocytes cultures compareldetstandard
lab chow diet (Halade, Rahman et al. 2010).

d. Invitro studies

As cytokines are critical local factors playindcey role in bone remodellingn vitro
studies have investigated the role of lipids onéboells cytokine expression and on immune
T cells known to relay the inflammatory signal.

Priante et al. first reported that the6 arachidonic acid (AA) induced the gene
expression, in a dose and time-dependent manndiBfa, IL-1a, IL-13 and M-CSF in an
osteoblast cell line MG-63 (Priante, Bordin et 2002). This increased expression can be
suppressed in the presence of oleic acid (OA) d8. A same increase in response of AA

was observed for IL-6 gene expression, and in #mesway, OA and EPA repressed the
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effect (Bordin, Priante et al. 2003). In both saglithe action of AA was mediated by PKC
activation. Moreover, a 2M AA dose largely increase the secretion of RANKhda
decrease the secretion of OPG in MC3T3-E1 pre-bkists, thus, resulting in a reduced
OPG/RANKL ratio favouring osteoclast differenciati¢Coetzee, Haag et al. 2007). These
results indicate that AA induces pro-inflammatorgngals and the secretion of signalling
molecules (RANKL/OPG), both known to have pro-ostastic activities.

In an effort to better understand the mechanisgnsvilch -3 PUFAs exert their
protective bone functions, Rahman et al. have studhe action of EPA and DHA on
osteoclast formation and RANKL signalling in ostiastic precursors RAW267.4 (Rahman,
Bhattacharya et al. 2008). They have first shovat #PA and DHA dose-dependently (50
and 100pM) decrease the TNE-secretion in response to RANKL with a greater cffer
DHA. This action was associated with an inhibitiointhe NFxB pathway measured by a
decrease in p65 expression and DNA binding actiwtgreover, these two>-3 fatty-acids
down-regulated the gene expression of osteocléfstehciation markers as TRAP, MMP-9,
CTR or cathepsin K and their bone resorbing agtieih dentine slices. Similar results on
osteoclast differentiation were obtained with bome+ow derived macrophages instead of
the RAW267.4 cell line (Sun, Krishnan et al. 20080, 9cis,11trans and 10trans, 12cis
CLA were able to inhibit osteoclast formation aradiaty by more than 70% from human
CD14+ monocyte at 3M (Platt and EI-Sohemy 2009). However, none of@h& inhibited
TNF-o gene expression in these cells.

RANKL is a key component of the interaction betwdbe bone and the immune
system. Actually, activated lymphocytes can seRiNKL and thus participate in osteoclast
differentiation (Walsh, Kim et al. 2006; Leibbraratid Penninger 2008). Graham et al. have
thus studied the impact of oxidized lipids on T pmocytes RANKL production (Graham,
Parhami et al. 2009). They have shown that minynalkidized LDL that are highly
inflammatory, largely increase the RANKL secretionboth unstimulated and activated T
lymphocytes. Using specific inhibitors, they haveoademonstrated that this effect was
mediated by the NkB signalling activation. Finally, they have realizanin vivo study in
which they have fed mice with a control or a high-diet for 11 months. They have nicely
shown that compared to the control diet, the haghdfet resulted in a significant decrease in
femoral BMC, an increase in the RANKL transcript inlymphocytes and an increase in
RANKL serum level. These results points out anreggng way by which lipids could

control the immune system responses and thus the lmmeostasis.
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All these human studies, animal and cellular expents clearly demonstrates that
dietary w-3 fatty acids could help preventing bone lossdiyieast in part, down-regulating
the production of pro-inflammatory cytokines. Insely, thew-6 fatty acids tend to have

opposite effects and thus present deleterious bffeets.

3. Dietary lipids are sources of pro/anti-inflammatory eicosanoids: role in bone
tissue
Eicosanoidsepresenia key link between dietary lipids and inflammatigctually,
they are derived from dietary PUFAs and are, bssidgokines, a family of pro/anti-
inflammatory mediators (Basu; Ricciotti and Fitz&dr 2011). Their actions have been
associated with risk factors and progression ofynthseases such as arthritis, atherosclerosis

or cancers. Their complex role in the bone wilké&gorted below.

a. Fatty acids are precursors of eicosanoids

Eicosanoids are derived from cell membranes phagpts which composition is
modulated by dietary PUFA intake (Sardesai 1992d&aand Yaqoob 2009). Following
desaturases and elongases actions, the essetiiyabdads Linoleic Acid ©3) and Alpha
Linoleic-Acid (w6) will be transformed in Arachidonic Acid (AA: 206@6),
Dihomogammalinoleic Acid (DGLA: 20@6) and Eicosapentaenoic Acid (EPA: 203).
Then, cyclooxygenases (COX), lipoxygenases (LOXJ aon-enzymatic oxidations will
generate oxygenated derivatives eicosanoids: lasidins, leukotrienes, thromboxanes,
isoprostanes, lipoxins and E-resolvins (Poulsenudhan et al. 2007; Kruger, Coetzee et al.
2010). Besides eicosanoids, docosanoids are desifedm Docosahexaenoic Acid (DHA:
22C-w3). Basically, eicosanoids derived from AA presemts-inflammatory activities and
the one derived from EPA are anti-inflammatory @aland Yagoob 2009; Galli and Calder
2009). Thus, the consumption a3 PUFAs will influence the membrane composition by
replacing the AA by EPA and DHA, then the eicosdsoproduction and modulate the
inflammatory state (Calder 2006).

b. Role of prostaglandin E2 (PGE2) in bone
Prostaglandines are key lipid mediators that haenHldinked with bone remodelling
associated with inflammation or related disedstkiji, Takato et al. 2008; Blackwell, Raisz

et al. 2010). PGE2 seems to be the main PG redperisr bone homeostasis regulation with
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complex activities on bone formation and resorptiéGE?2 is derived from AA and several
studies have shown that modulating the ratioo®f6 dietary fatty acids could regulate the
PGE2 synthesis and bone status. Actually, Watkinal.efirst demonstrated that feeding
chicks with menhaden/safflower oil compared witglssan oil, resulted in increased vivo
PGE2 biosynthesis in bone organ cultures, highd? Aerum activity and increased fractional
labelled trabecular surface and tissue level bonmdtion rates (Watkins, Shen et al. 1996).
Other experiments conduced in rats and quails wogetl the positive correlation between an
w3 fatty acids enriched diet, the decrease in bo@&2 production and the positive
modulation of bone health as measured by serum diers or BMD (Watkins, Li et al.
2000; Liu, Veit et al. 2003; Liu, Veit et al. 2008hen, Yeh et al. 2006; Shen, Yeh et al.
2007).

The PGE2 bone pro-resorbing activity has beerelgrgtudiedin vitro as it exerts
direct effect on osteoclast precursors. ActuallyERGenhances OC differentiation from
mouse bone marrow derived macrophages, murine reptedls cultures or Raw264.7
precursors stimulated with RANKL with or whithout-®@ISF (Wani, Fuller et al. 1999; Li,
Okada et al. 2000; Kobayashi, Mizoguchi et al. 200&bayashi, Take et al. 2005; Tsujisawa,
Inoue et al. 2005). These effects are in part, atediby the EP2 and EP4 PGE2 receptors
(Minamizaki, Yoshiko et al. 2009). Besides thesecdi effects on OC, PGE2 also regulates
their differentiation by modulating RANKL and OP®csetion by OB: it can both stimulate
RANKL and inhibit OPG production in stromal cell¥idal, Brandstrom et al. 1998; Li,
Okada et al. 2000). Many studies have been condimcBtC3T3-E1 osteoblasts cultured in
the presence of PUFAs. They have shown that AAess®s the expression of COX-2
enzyme, the PGE2 synthesis, RANK-L expression auwedhses OPG one. On the contrary,
EPA, DHA and GLA present opposite effects (Coetttamag et al. 2007; Poulsen, Moughan
et al. 2007). Finally, PGE2 also regulates cytokinexpression known to induce
osteoclastogenesis as IL-6 or IB-TAmano, Naganuma et al. 1996; Kozawa, Suzuki et al
1998; Millet, McCarthy et al. 1998; Park, Kang et2004).

However, PGE2 has also some bone forming activiliievitro experiments realized
with osteoblasts precursors, demonstrated that FiG&8ases mineralization in primary rat
calvaria cells and MC3T3-E1 (Flanagan and Chamb@2®2; Nagata, Kaho et al. 1994; Wu,
Zeng et al. 2007; Minamizaki, Yoshiko et al. 200Bhis PGE2 activity is mediated by its
EP4 and EP2 receptors (Suda, Tanaka et al. 199®MWada et al. 2000; Alander and Raisz

2006; Minamizaki, Yoshiko et al. 2009). Also, bomarrow stromal cell cultures derived

104



from COX2 deficient mice were impaired in their fdientiation process and presented a
lower expression level of Runx2 and osterix (Zha&dhwarz et al. 2002). These effects were
reversed with PGE2 cell treatment. Under physicklgconditions,in vivo studies revealed
that COX-2 loss in mouse (deletion of ghigs2gene) has only a little positive effect on bone
(Chen, Rho et al. 2003; Myers, Bhattacharya e@06). Also, EP2/EP4 PGE2 receptors
absence results in weak bone biomechanical strgrgiperties (Akhter, Cullen et al. 2001,
Akhter, Cullen et al. 2006) and EP4 is critical fawne fracture healing (Li, Healy et al.
2005).

In animals, like PTH, PGE2 presents opposite astan bone depending on the way it
is administrated and the doses used. In rats, wdatginuous delivery of PGE2 is bone
deleterious, intermittent administration resulteohf both cancellous and cortical bone gain
(Tian, Zhang et al. 2007; Tian, Zhang et al. 2008se results were confirmed in mice and
it was also shown that PGE2 presents dose dependawities: the authors concluded that
intermittent exposure to high doses of PGE2 mayarabolic but is balanced by catabolic
effects resulting in less bone benefits than otk Hoses (Gao, Xu et al. 2009).

c. Role of other eicosanoids in bone

Arachidonic Acid is the precursor of other prossanglins as PGFR or leukotrienes
that mainly present pro-inflammatory activities.elthrole on the control of osteoblast and
osteoclast functions and bone activities under iplygical and pathological conditions have
been nicely reviewed in: (Hikiji, Takato et al. B)0Recently, some studies have focused on
an EPA oxygenated product, ResolvinEl (RvE1l). H&sai al. demonstrated that RvVE1l
protects local inflammation and osteoclast-medidteae destruction in periodontis (Hasturk,
Kantarci et al. 2006; Hasturk, Kantarci et al. 200% PGE2 or LTB4 present direct actions
on bone cells besides their pro-inflammatory atés| Herrera et al. made the hypothesis of a
direct role of RVE1 on osteoclast function, indegetly of its anti-inflammatory and pro
resolution activities (Herrera, Ohira et al. 208&ki, Tani et al. 2009; Ji, Xu et al. 2011). In
bone marrow cultures treated with RANK-L and M-CIR/E1 decreases OC growth,
differentiation and resorption activity without @fting their death and apoptosis. It is
interesting to note that a daily EPA supplementatiomice resulted in an increase of RVE1
in bone marrow (Poulsen, Gotlinger et al. 2008). ¢&e thus speculate thatvivo action of
EPA is directly mediated by RvE1 through modulatidrosteoclast activity.

Inflammation has so far been associated with ameages. By regulating pro/anti-

inflammatory cytokine and other mediator secretidhgt would control bone cells
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differentiation and activity, dietary lipids andeth metabolites are key players of bone health

linked to inflammatory processes.
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E - Oxidative stress, fatty acids and bone

Redox status is a key protagonist in bone remoglgiocesses. It results from the
balance between reactive oxygen species (ROS) giioduand antioxidant defenses, both
potently being under the influence of fatty acidtabelism. In fact, fatty acid may either act
as pro-oxidant compounds when undergoing peroxidabr as antioxidant factors to limit

oxidative damage to bone.

1. Oxidative stress and bone

During the last decade, clinical amd vivo studies have widely demonstrated that
oxidative stress are implicated in the pathogenediscancer, cardiovascular disease,
atherosclerosis, diabetes mellitus, and age-reldisdases including osteoporosis (Basu,
Michaelsson et al. 2001; Valko, Leibfritz et al.0ZQ Sendur, Turan et al. 2009). Indeed,
several investigations have revealed a negativeeletion between oxidative stress and
BMD, while antioxidants have been found to previgom excessive bone resorption (He,
Andersson et al. 2010) (Kim, Ke et al. 2011). Oxidastress is an inescapable consequence
of life in an oxygen-rich environment and resulteni a redox imbalance that leads to
reactive oxygen species (ROS) accumulation. ROSnlgnabriginate from enzymatic
complexes including mitochondria respiratory chaldADPH oxydases, NO synthase and
xanthine oxydase (Riley 1994). They are produceckgponse to different stimuli, such as
inflammatory cytokines, growth factors, environnarbxins, chemotherapeutics, UV light
or ionizing radiation. Interestingly, they are algenerated during fatty acid oxidation
(Manolagas 2010). Mechanisms of antioxidant deferese able to eliminate these active
oxygen derivatives: some of them are endogens (eaiy system) such as superoxide
dismutase, catalase and peroxidases, and othepsaaided by food such as vitamine C and
E.

ROS activity depends on concentration and may theerebeneficial or harmful. At
moderate concentrations, nitric oxide (NO), supel®xanion, and related ROS play an
important role as regulatory mediators in signalimgcesses (Droge 2002). Their production
contributes to the innate immune response as vgeltha initiation and amplification of
antigenic signal (Reth 2002).

Besides, ROS are known physiological regulatorsosfe remodeling. Indeeh vitro

and in vivo studies have shown that ROS increase osteoclastpteon and decrease
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osteoblast bone formation by influencing the atgiaind survival of these cells. In fact, ROS
such as KO, act on osteoclastogenesis and osteoblastogern@siagh modulation of
intracellular redox-sensitive signaling cascadescaysing reversible oxidations of proteins
on cystein residues (Wauquier, Leotoing et al. 200%ese cascades include ERKSs, jun
Nterminal kinases (JNKs), p38 MAPK, phosphatidybsitol 3 kinase (PI13K)/Akt, activator
protein-1, p53, tyrosine phosphatases, proteasekcolar adaptators and chaperones, the
wnt/B-catenin signaling pathway, as well as transcnpfiactors such as nuclear facid
(NF«B) (Janssen-Heininger, Mossman et al. 2008; Mamslag010). In addition, ROS
stimulate osteoblastic production of Receptor Aattiv NF«xb Ligand (RANKL) thus driving

an increased osteoblast-induced osteoclast ditietenm (Bai, Lu et al. 2005).

2. Oxidized lipids and bone
At high concentrations, free radicals, radical-dedi and non-radical reactive species damage
all cellular constituents; however, lipids are matarly targeted upon oxidative attack
(Beckman and Ames 1998).

a. Fatty acids oxidation

Although oxidized lipids may either derive from a@&mzymatic or a non-enzymatic
process, ROS always seem involved. For instances R&ve been proved to enhance the
activity of Alox-15, a lipoxygenase that convertdyunsaturated fatty acids to oxidized fatty
acids such as 9-hydroxy-10, 12-octadecadienoic @salli, Passeri et al. 2011). Regarding
cyclooxygenases, this part was previously describdde inflammation section.

Fatty acids, especially PUFAs, can be both sulestraind vectors of non-enzymatic
oxidation leading to an amplification of the pemadion process. DHA, EPA and AA are
very prone to this phenomenon due to their unstab&mical structure with several double
bonds (Melhus, Michaelsson et al. 1999) (Halliwatid Gutteridge 1984) (Morrow and
Roberts 1996). A vicious cycle may then ensue,imgithe formation and accumulation of
lipid oxidation products that undergo fragmentatamd produce a broad range of reactive
carbonyl intermediates (Figure 3). Later, theseaturated aldehydes deplete glutathione and
further increase oxidative stress (Negre-Salvadugie et al. 2010).

Besides, isoprostanes are formed cyclic eicosarmimducedn vivo during peroxidation
of free or esterified PUFAs in membrane phosphaéipiln regard of this mechanism, a

multitude of isomers can be generated dependinthersite of radical attack. They are not
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formed in equal quantity in tissues and may pdytiatcount for specific known activity of

fatty acids (Michel, Bonnefont-Rousselot et al. 200
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Figure 3 : Non-enzymatic PUFA peroxidation

b. Effects on bone

Bone tends to accumulate high quantities of lipxabation products that in long term,

lead to dysfunction and aging of the tissue (Ne&gmbrayre, Auge et al. 2010). Muthusami et

al. showed that levels of lipid peroxidation, tdgatwith ROS production, were increased in

a rat model of oestrogen defiency-related bone, legsen compared to control rats

(Muthusami, Ramachandran et al. 2005). In paralleécent work from Xiao et al. (Xiao, Cui
et al. 2010) demonstrated that mice fed a highki&tt(HFD) exhibited a decrease in intestinal

calcium absorption together with a reduced BMD dfole body due redox imbalance in

duodenum. Furthermore, a growing body of evidenaggssts that specific oxidized lipids

may be the common factors underlying the pathogemdédoth atherosclerotic calcification
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and osteoporosis (Parhami, Tintut et al. 2001; B¢lArfai et al. 2004; Marcovitz, Tran et al.
2005; Farhat, Cauley et al. 2006).

Underlying mechanisms remain unclear, however,nskte investigations have revealed
a few hypothesizes. The non-charged structure ofxpdized fatty acids allows them to
easily migrate through hydrophobic membranes andrdphilic cytosolic media and to
damage distant targets. As described above, thgd@ky-10, 12-octadecadienoic acid
derives from PUFAs via the Alox-15 lipoxygenase\amt. This end product is a high affinity
ligand of the adipogenic transcription factor pesorne proliferator-activated receptor
gamma that may contribute to favor adipogenesibatexpense of osteoblastogenesis, thus
leading to lesser bone formation (Galli, Passerale2011). Along with this hypothesize,
pharmacologic inhibition of Alox15 has been shownrprove bone mass in mice (Klein,
Allard et al. 2004).

Oxidized lipids were showim vitro to inhibit osteoblast differentiation of the MC3E3
cells mostly by preventing the alkaline phosphatasiiction and calcium uptake. As
described previously, RANKL is a key cytokine iretbsteoblast-induced osteoclastogenesis;
however RANKL may also be produced by activategmghocytes. Very recently, Graham
and al. (Graham, Parhami et al. 2009) demonsttagtdninimally oxidized LDL (MM-LDL)
increased RANKL transcripts and RANKL secretiexvivoin human T lymphocytes. They
further correlated these data in mice with enharastdoclastic activity and subsequent bone
loss.

In parallel, Brooks et. al. (Brooks, Musiek et 2011) reported that a specific oxidative
metabolites of EPA, 15-4IsoP, was a potent inhibitor of NéB activity during macrophage
transformation in RAW264.7 through modulation e Ifunction. In addition, treatment with
15-As-IsoP decreased oxidized LDL loading of the cefiscontrast, when using 15,AlsoP,
an isoprotane formed by oxidation of arachidoniitlacxidative stress was increased in the
same cellular model (Musiek, Gao et al. 2005); thuggesting that not only the site of
oxidation but also the fatty acid origin may be ezgm®l for determining the biological
activities of these compounds. Interestingly, RAWZ6is a well acknowledged cellular
model of both macrophage and osteoclast precu¥sorg, Wang et al. 2004). Consequently,
one may speculate that these data could be traedpims osteoclastic bone cells, thus
supporting the undoubted influence of oxidizeddgpion oxidative stress and related bone

remodeling.
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3. Direct modulation of oxidative stress

Although fatty acids and more generally lipids nadfect physiologic processes via their
oxidation status, they may directly act on oxidenvironment. Indeed, arachidonic acid
significantly increases inducible Nitric Oxide shase (INOS) expression in human
osteoblast-like after 3 hours exposure, thus famguoxidative stress and inflammation
context. However, in presence aof-3 PUFAs, these effects were abrogated (Priante,
Musacchio et al. 2005) suggesting a mechanism dieggp¢ron fatty acids type. NO has been
demonstrated to plays an important role in the leggun of bone cell function, with effects on
both the osteoblast and osteoclast lineage. Incpkat, NO derived from the INOS pathway
has been shown to regulate the effects of prormflatory cytokines on bone and to be
essential for the stimulatory activity of IL-1 onre resorption botm vitro andin vivo (van't
Hof and Ralston 2001).

In another hand, lipoic acid (LA) is known to begawerful thiol antioxidant which has
the distinction of being effective in its reducetiaoxidized form. It reduces oxidative stress
by scavenging free radicals and preventing lipidopielation and protein damage through
regeneration of vitamins C and E, and induced amsxd intracellular glutathione. LA is not,
per se a fatty acid, but a derivative of octanoic a@dsaturated fatty acidi-LA has been
describedin vitro andin vivo to inhibit osteoclastogenesis through suppressioNF-«B
signaling. In fact, proteomic analysis identifiédt RANKL is significantly up-regulated both
in ARNm and protein in bone marrow stromal cellevBirtheless, despite an increasing ratio
RANKL/OPG, a-LA abolished osteoclast formation through suppogsef RANKL induced-
ROS elevation, thus inhibiting NEB activation in osteoclast precursor cells. Morepve
while IKK activation is not affectedy-LA reduces DNA binding of NkB (Koh, Lee et al.
2005; Kim, Chang et al. 2006). Besides, recentvivo study has shown that LA
supplementation (0,1%) to HFD during 12 weeks irusgomodel is associated to decrease
ROS generation and oxidative damage compared to-4tblp, and attenuate the HFD-
induced inhibition of bone formation (Xiao, Cuiat 2010).

In parallel, CLnA isomers could exert antioxidantiwties in response to oxidative stress
through reduction lipid peroxidation and improvernehantioxidant enzyme levels. Recent
study has showed that punicic acid ameleostearic acid, mainly found respectively in
pomegranate and china wood oil, exhibit protecéffects against lipid peroxidation induced
by arsenite in brain and in liver in rat model. Hawer, according to its concentration, punicic
acid seems have both pro-oxidant and antioxidafdcef(Saha and Ghosh 2011). Few

hypothesis are proposed to explain this antioxigaoperty; among them addition of free
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radical to one of the conjugated double bonds ofi&£might have taken place, resulting in
the formation of conjugated dienes that could hao®sibly acted as antioxidants. Moreover,
it has been showed that CLA decrease of INOS ARMpression in Raw264.7 (Yu, Adams
et al. 2002). These data suggest that CLA coul@ lmavivo antioxidant activity in bone cell

lineage. Taken together, these results stronglypawipghe importance of both lipids and

oxidized lipids on oxidative stress and relatedebmmodeling.
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F - Fatty acid receptors

Metabolites deriving from free fatty acids mighttroe the only ones responsible for
mediating effects of fatty acids on bone remodelifgr the last decade, different receptors
including nuclear and membrane-bound receptors baes extensively described for their
involment in transducing a specific signal whereratting with free fatty acids. The mainly

documented receptors belong to the PPARs, TLRSGHTRIs receptor families.

1. PPARSs

PPARs are nuclear receptors with high affinity flaity acids and act as transcription
factors to regulate peroxysome proliferation anossguent lipid metabolism. Besides its role
as well known target for antidiabetic drug therapiBerger, Bailey et al. 1996), PPARas
been extensively studied for its crucial role innsemchymal cells commitment and
adipocyte differentiation. Interestingly, bone seluch as osteoblasts share a common
precursor with adipocyte and several groups haeewated that PPARs stimulation by fatty
acids may control the switch between adipocyte, btagi and osteoblast differentiation.
Diascro et coll. were the first to demonstrate thahixture of palmitic, oleic, and linoleic
acids, activate the PPARs and induce adipocytedikerentiation of both ROS17/2.8 and
Sa0S-2/B10 pre-osteoblast cell lines suggestingfitiey acids can initiate the switch from
osteoblasts to adipocyte-like cells (Diascro, Vogeélal. 1998). Molecular mechanisms
responsible for this unbalance were later descrild¢da cellular level, a fatty acid rich
environment was proven to stimulate PRARctivity while drastically reducing Runx2
expression and function, a transcription factopoesible for inducing osteoblastogenesis, in
MC3T3-E1 and primary osteoblast precursors (Mawinavassieux et al. 2005) (Jeon, Kim
et al. 2003). Taken together, these data strongdpat that our food habits in terms of fatty
acids intake may have a dramatic impact on bonaboésm through PPARSs activation.

As bone remodeling results from the balance betwesteoblast and osteoclast
activities, PPARs influence on osteoclastogenesas wmvestigated as well. Using non-
discriminately activator of all PPAR isoforms, Cheinal. demonstrated an overall inhibition
of the formation of multinucleated osteoclasts frBBMC cultures suggesting a detrimental
role of PPARs in osteoclastogenesis (Chan, Gargaradl 2007). These data parallel with the
inhibition of TNFu-induced osteoclastogenesis upon PRABtivation (Hounoki, Sugiyama

et al. 2008). Nevertheless, the role of PPARs remapntroversial. As a matter of fact,
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antisense strategies for PP&R were shown to abrogate the increase in pit argaced by
carbaprostacyclin in mature primary rabbit ostestslasuggesting pro-resorbing activity of
PPARb/B stimulation (Mano, Kimura et al. 2000). Thus, thesta lead to the hypothesis that
PPARs effects on bone may depend on PPAR type.ntthar hand, given the potent
inhibitory effect of PPAR on both osteoblast and osteoclast, one mightlyinander what
could be the global impact of these fatty acid ptaes on bone physiology. Recently, the role
of PPARy was further investigated using heterozygous PPARficient mice (Viccica,
Francucci et al. 2010). This model exhibits enhdnt®ne formation with increased
osteoblastogenesis and reduced marrow adipositgndther hand, Wan et al. uncovered a
pro-osteoclastogenic effect of PPARy using a Tie2Cre/flox mouse model in which PRAR
is deleted in osteoclasts but not in osteoblagggesting that observed inhibitory effects of
PPARy agonist on osteoclast differentiation might be ttueon specific effects (Wan, Chong
et al. 2007). To conclude, PPARs studies make rooneplex the potent impact of fatty on
bone through receptor signaling. This complexitguen strengthened by the fact that PPARs
ligands are not restrited to fatty acids binding tan be extended to fatty acids metabolites

such as prostaglandins and their degradation pted8tll, Grabowski et al. 2008).

2. TLRs

In drosophilia Toll receptors contribute to hosfemmse and body development. In
mammalians homologues of Toll, Toll-like receptff&Rs) are known to play a crucial role
in the immune response. Nevertheless TLRs werentlyc acknowledged for binding
saturated fatty acid and activate different inthata signaling pathways (Hwang 2001).
These interactions have been mainly describedenettitablishment of metabolic syndrome
(Shi, Kokoeva et al. 2006). Indeed, mice model linkzded for TLR2 and 4 were shown to be
protected against induced inflammation, increasdghomity and insulin resistance upon
enriched saturated fatty acids diet (Himes and ISmiibenen, Gruen et al. 2009).

Interestingly, in bone tissues, Johson et al. tepothat mice deficient for TLR4
exhibit increased bone size with increased bonesraircontent and density (Johnson, Riggs
et al. 2004). Therefore, one might hypothesize Th@&4 could represent an original target in
the design of nutritional strategies for the treain of osteoporosis. The underlying
mechanisms remain to be elucidated, however, anrestedy by Oh et al. reveals that
saturated fatty acids, binding TLR4 at the celfate of osteoclasts, caused an increased of
MIP-1a expression thus leading to increased aobivaif NF«B (Oh, Sul et al. 2009). This

transcription factor is essential for osteocladtedéntiation and survival suggesting that
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elevated levels of SFAs in bone marrow plasma malyaece osteoclast behavior and
contribute to altered bone structure during obedityese data are correlated with the role
described for TLR2 and TLR4 in Raw264.7 cells.Ha presence of FFA mixture containing
equimolar amounts of arachidonic, lauric, linoleicleic, and myristic acids, these
monocytes/osteoclasts precursor cells present agetke pro-inflammatory signals through
TLR2/TLR4/INK pathways (Nguyen, Favelyukis et aQ02). Given the contribution of
inflammation in osteoclast differentiation and ftian, this study enlightens potent molecular
mechanisms to explain the bone phenotype obsenvédR4-/- mice.

In addition, cellular responses to TLRs activatibp SFAs were found to be
modulated depending on the type of fatty acid. DA »-3 PUFA) abrogated the pro-
inflammatory effects of lauric acid-induced TLRZdtivation in Raw264.7 cells (Lee, Zhao
et al. 2004). Nevertheless, these demonstratianstdr debated. Indeed, in contrast to Oh’s
group, Cornish et al. showed an inhibition of ostast differentiation upon SFAs treatment
(Cornish, MacGibbon et al. 2008). Then, despitewa fliscrepancies, these different studies
they have contributed to reveal a key new role ThRs in the fat and bone metabolism
interactions and give new insight in the designnefv nutritional strategies in bone loss

prevention.

3. GPRs

While searching for novel human galanin receptokl(R) subtypes, Sawzdargo et al.
discovered in 1997 a cluster of four novel humapr@ein-coupled receptor genes occurring
in close proximity to CD22 gene on chromosome 19h1Sawzdargo, George et al. 1997).
These four genes GPRA40, 41, 42 and 43 were firgidered as orphan receptors. In 2003,
two teams demonstrated that GPR40, 41 and 43 vbéd@interact with free fatty acids and
to transduce a specific signal across the cell mang Using Ca(2+) mobilization probes
and cellular models transfected with either GPRAOor 43, Brown et al. showed that short
chain fatty acids activated GPR41 and GPR43 whiiscBe demonstrated that GPR40
activation was restricted to medium and long cliiaity acids (Briscoe, Tadayyon et al. 2003;
Brown, Goldsworthy et al. 2003). More recently, GlLAvere added to the list of LCFAs
ligands of GPR40 by Stewart and Schmidt’s groughi8dt, Liebscher et al. 2011).

Regarding GPR120, this receptor was firstly descrim 2003 by Fredriksson et al.
(Fredriksson, Hoglund et al. 2003) while its apilib interact with fatty acids was established
in 2005 (Hirasawa, Tsumaya et al. 2005) (Katsunzaéiet al. 2005).
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The roles of these fatty acids receptors were malotumented in pancreatic tissues
for their involvement ir-cells functions (Covington, Briscoe et al. 200Bdeed, free fatty
acids were found to regulate insulin secretion frmancreatic beta cells through GPR40 (Itoh,
Kawamata et al. 2003). Using GPR40 deficient miegour et al. lately showed that GPR40
stimulation contribute to fatty acid potentiatiohgbucose induced insulin secretion (Latour,
Alquier et al. 2007). More recently, oxidative sgsewas proven as a key protagonist in the
control of insulin secretion by palmitate througRPRA0 stimulation (Graciano, Santos et al.
2011).

As expected regarding their role in pancreatictssfanctions, GPRs expression was
also evidenced in other tissues related to foochbmism for their role in nutra-sensing and
fat storage. As a matter of fact, GPR40 and 12@waown to mediate fatty acid sensing in
rat taste bud as well as taste preference (Cardasumatsu et al. 2010) (Matsumura,
Mizushige et al. 2007). More interestingly, GPRI2@ not GPR40 were found to modulate
the apoptotic process of enteroendocrine cellssifat,, Hatae et al. 2005) while GPRs for
short-chain fatty acids are believed to mediatepsegsion of colon cancer development
(Tang, Chen et al. 2011).

In the same way, adipose tissues were also inastlg Using adipocytes culture
models, GPR41 and 43 were shown to be key moletalgets mediating leptin production
and lipolysis regulation upon short-chain fatty dacstimulation, respectively (Xiong,
Miyamoto et al. 2004; Ge, Li et al. 2008). In p&hlGotoh et al. demonstrated that GPR120
expression increases during adipocyte differewtiatind, using RNA interference protocols,
established that GPR120 stimulation controls adpagprocesses (Gotoh, Hong et al. 2007).

Besides their roles in fat metabolism, literatuatadevidenced the expression of these
G-coupled fatty acids receptors in a wide rangéissues. Recent studies demonstrated that
spatial memory and hippocampal long-term potemtiatf rodents and cognitive function of
humans are improved by a dietary supplementatitin arachidonic and/or docosahexaenoic
acids, which are possible ligands for GPR40 (Ma &gal. 2007). Since, a growing body of
evidence has enlightened the involvement of GPR#ukation by fatty acids in neuronal
development. For instance, DHA was shown to enhaeceonal differentiation of rat neural
stem cells transfected with GPR40 gene (Ma, Zhamd) 2010). The same year, Kaplamadzh
et al. demonstrated in adult primate BMSC, that Dield\to upregulation of neuronal markers
such as beta llI-tubulin, NF-M and Map2 through @BRignaling (Kaplamadzhiev, Hisha et
al. 2010).
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In another hand, G-coupled fatty acids receptoeseapressed by immune cells such
as leukocytes and monocytes (Nilsson, Kotarskyl.e2G93) (Oh, Talukdar et al. 2010). As
bone tissues share common precursor cells with thetlhematopoietic and the mesenchymal
lineage, GPRs expression were investigated in beh® In 2008, Cornish et al. revealed the
expression of GPR120 in both osteoclast and osiebldnd hypothesized that part of
saturated fatty acid influence on osteoclastogsnegyht occur through GPR120 stimulation
(Cornish, MacGibbon et al. 2008). However, as dbsedr above, effects of fatty acids on
bone remains quite controversy and according tditbeature neither GPR120 nor GPR40
allow distinguishing among long chain fatty aciasl aheir associated effects. Taken together
these data suggest that GPRs stimulation by falty @annot explain by themselves the
global effects of fatty acids on bone. In our havel hypothesized that GPR40 counteracts
bone loss associated with detrimental propertielfpafs and demonstrated that GPR40 is a
key modulator of bone remodeling (ASBMR 2011). @ata correlate with a recent study
published by Oh et al. Using the monocytic RAW26del line and primary intraperitoneal
macrophages they demonstrated that DHA exertsirdl@mmatory effects through GPR120
stimulation (Oh, Talukdar et al. 2010). As Raw26dells present the ability to differentiate

into osteoclasts, their data strengthen our hymitheend support our observations.
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G — Conclusions

According to the statistics, obesity occurrencereashed an alarming rate. Due to its
high morbitity, and consequently its high socialdaeaconomic cost, this “overweight”
pathology has become one of the main targets ofttheystems across industrialized
countries.

In contrast to what has been previously thoughesitl is rather associated with bone
tissue alteration which in return leads to highisaklility and mortality, most notably in the
elderly population. However, as described in thenusaript fat and bone are not
systematically antonymic and should rather be seeibest enemies”. Indeed, while high fat
diets, as any over excesses, may account for poa bealth, quality of the fatty acids within
the diet may exhibit a duality of action regardthgir impact on bone remodeling; PUFé&s
3 being rather protecting while SFAs or PUFAS being potentially harmful. In addition,
location may also be crucial for determining fapant on bone as waist circumference is
thought to be more closely related to poor boneltiheas compared to global body
overweight.

Therefore, with regards to this duality, an appiaterfatty acids modulation in daily
food intake may succeed where drug based therdyaes failed and thus representing a
relevant opportunity in the design of nutritionppeoaches to attenuate excessive bone loss.
In this context, public health systems have strpsgpported communication plans aiming at
informing and sensitizing population about dietorenendations resulting from the research
trends in nutrition field. However, despite a feansistent lines, the “take home message”
from the literature is quite confusing and somehlmemains controversial as results may differ
depending on the design of the studies. Indeedessribed in the manuscript, the fatty acids
modes of action are rather complex due to the aépeocesses involved that may counteract
each other such as eicosanoid production and macegtivation. In addition, the potent
beneficial effect may differ upon the targeted orgad “what’'s good for” bone may not be
the case for another tissue when taking into adcallithe fatty acid-induced signals.

In another hand, according to the public healthtesysrecommendations, food
industry has made a few efforts to reduce saturatetitrans fatty acids in its production.
Nevertheless, these efforts represent an obvion8#lictoof interest and although industrials
have widely claimed for “healthy foods”, fats sti#main the “gold ingredient” to improve

products sensory of “cheap products” and therefordoost product sales and industry
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financial reports. In the same way, high qualityritional products remain quite expensive
and challenge everyone savings thus limiting thegess for the global population.

Finally, although promising, nutritional approactst®uld not be considered as drug-
based strategies. Indeed, “this is not a matteakihg onlyw-3 pills to get better”. In fact,
nutritional concepts require balanced daily intalkesmentioned above, linoleic and linolenic
both are essential fatty acids which ratio shoutdkiept between 3:1 to 5:1, in order to
optimize beneficial health impact. In addition, {ehclinical studies tend to draw general
concepts for food recommendations, evidences shatva same diet may exhibit different
physiological impacts. Indeed, a growing body otadhas enlightened the concept of
metabolic profiles making the way for the nutrigeno (Wittwer, Rubio-Aliaga et al. 2011).
In this context, it becomes obvious that appropriatitritional strategies will now require

more than general guidelines.
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L'analyse exhaustive de la littérature synthétidaas l'article 1, nous a permis de
cibler une certaine classe d’acide gras qui apgsadila plus prometteuse du point de vue de
son potentiel ostéoprotecteur : les AGPI.

Le processus inflammatoire semble clairement imitee le remodelage osseux. D’un
coté, l'activation des cellules T tout comme laduction de cytokines spécifiques, deux
mécanismes observés au cours de linflammationl®motentiel d’activer la résorption
osseuse. De l'autre, le vieilissement de I'orgam@sest associé a l'apparition d’'un état
inflammatoire sub-chronique systémique qui pourdmhc contribuer a la perte osseuse.
Enfin, la propriété la plus évidente des AGPI cgpend a un effet anti-inflammatoire marqué
qui pourrait s’expliquer, entre autre, par une rfiodiion de la voie de production des
éicosanoides aboutissant a la synthése de compogés inflammatoires.

Dans ce contexte, notre hypothese de travail gtastles AGPI a propriétés anti-
inflammatoires pouvaient éventuellement limiternffammation chronique associée au
vieillissement et ainsi contribuer a préserver apital osseux. Nous avons utilisé la souris
« Senescence Accelerated Mouse Prone 8 » (SamR8psjuun modéle derogeria
caractérisé par un développement précoce de pgtbsitiées a I'age dont I'ostéoporose.
Pour tester notre hypothése, ces souris ont étg@i@sad libitumtout au long de leur vie avec
des régimes qui différaient essentiellement auanivees proportions respectives des AGPI
d’intérét.

Age (mois)

des w3
EPA et DHA

de l'acide
y-linolénique

SamP8
Figure 22 : Schéma expérimental de l'article 2
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Dans ce modele, 'administration d’un régime délétea base d’huile de tournesol
(ratio acide grasw6 /w3 trés important) aggrave la perte osseuse en asson avec une
augmentation des marqueurs inflammatoires systénd@gu et osseux et avec une
augmentation des marqueurs de la résorption osseuse supplémentation du régime
tournesol avec de l'huile de bourrache ou de I'heilde poisson permet d’apporter des
quantités importantes d’AGPI anti-inflammatoires ¢&e y-linolénique pour I'huile de
bourrache etw3 pour I'huile de poisson). De maniére intéressantees deux régimes
supplémentés permettent, en plus de réduire lesapatres inflammatoires, de s’opposer a
laugmentation des marqueurs de résorption osseuede limiter la diminution de la
densité minérale de I'os chez ces souris.

Cette étude met donc en évidence le potentiel seatéertains AGPI au regard de la
préservation du capital osseux et suggere un réktedminant de leurs propriétés anti-

inflammatoires systémiques.
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Fats are prevalent in western diets; they have known deleterious effects on muscle insulin resistance and may
contribute to bone loss, However, relationships between fatty acids and locomotor system dysfunctions in
elderly population remain controversial, The aim of this study was to analyze the impact of fatty acid quality
on the age related evolution of the locomotor system and to understand which aging mechanisms are
involved, In order to analyze age related complications, the SAMPS mouse strain was chosen as a progeria
maodel as compared to the SAMR1 control strain. Then, two months old mice were divided in different groups

Edited by: Clifford Rosen
and subjected to the following diets : (1) standard “growth” diet — (2) “sunflower” diet [(high w6/w3 ratio) —

Keywortds: (3) "borage” diet (high y-linolenic acid) — {4) “fish" diet (high in long chain w3). Mice were fed ad libitum
Osteoporosis through the whele protocol. At 12 months old, the mice were sacrificed and tissues were harvested for bone
Aging studies, fat and muscle mass measures, inflammation parameters and bone cell marker expression. We
Nutrition demonstrated for the first time that borage and fish diets restored inflammation and bone parameters using
Lipids an ariginal model of senile osteoporoesis that mimics clinical features of aging in humans. Therefore, our study
SAMPS strongly encourages nutritional approaches as relevant and promising strategies for preventing aged-related
inflammation locomotor dysfunctions:
This article is part of a Special Issue entitled Bone and Fat Special 1ssue.

© 2011 Elsevier Inc. All rights reserved.

Introduction Osteoporosis is characterized by an excessive bone fragility that

All industrialized countries face a progressive increase in life
expectancy due to declining mortality. Consequently, prevalence of
chronic age-related metabolic complications has grown, including
locomotor dysfunctions. Among those diseases, impaired capacities of
movement due to both sarcopenia and osteoporosis, are especially
disabling and represent a social and economic burden world-wide.
With regards to the quality of life, osteoporosis has dewvastating
psychological and socio-economic effects. Osteoporotic fractures can
result in up to 20% excess mortality within one year, Additionally, up
to 50% of patients will be disabled, half of them requiring long term
nursing home care, while only one third fully recover from hip
fracture [1].
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leads to an increased risk of fractures. Today's treatments such as
hormone replacement therapy (HRT) demonstrate clear benefits
on post-menopausal osteoporotic women [2,3). However a higher
prevalence of thrombo-embolic accidents, uterine and breast cancers
was reported for HRT [4]. Because research in nutrition over the past
30 years, has led to exciting progress supporting the hypothesis that,
by modulating specific target functions in the body, diet can help to
achieve optimal health by reducing the risk of disease, the present
study aimed at investigating the role of lipid diets on bone health
status.

Literature has widely linked lipid intake and inflammation status,
a key protagonist involved in bone resorption [5,6]. As a matter of
fact, inflammation favors bone degradation by stimulating osteoclast
activity while inhibiting osteoblast bone formation leading to
imbalance in bone remodeling and subsequent bone loss. Regarding
inflammation, lipids exhibit a duality, with both pro- and anti-
inflammatory effects depending on their structures and metabolism
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|7.8]. In this light, a growing body of evidence has revealed that w-6
increase bone loss while w-3 are believed to protect bone health
15.6,9,10]. Nevertheless, this debate remains controversial and the
mechanisms of action are poorly understood.

In this work, the senescence-accelerated prone mouse (SAMPS)
was used to mimic senile osteoparosis rather than post-menopausal
osteoporosis [11,12]. This model exhibits both sarcopenia and
osteoporosis and matches clinical features observed in elderly.
Therefore, this study investigated the effects of different diets enriched
in lipids described for their effect on inflammation on bone status.
After 10 months of supplementation, our results clearly demonstrate
that diets enriched in borage and fish oils protected from bone loss
by blacking inflammation and osteoclastogenesis.

Materials and methods
Ethics

All animal procedures were approved by the institution's animal
welfare committee and were conducted in accordance with the National
Research Council's guidelines for the care and use of laboratory animals.
Animals were housed in the animal laboratory of the INRA Research
Center for Human Nutrition (http://www]l.clermontinra.fr/unh/
telechargementinternet/ienplaquette.pdf). Throughout the study, ani-
mals were housed in a controlled environment (12:12 h light-dark cycle,
20-22 °C, 50-60% relative humidity/5 mice per plastic cage with free
access to water). Animals were delivered to our facility 1 month befare
study for acclimatization to our animal environment. At the end of the
protocol, blood was withdrawn on anesthetized animals. Then, animals
were sacrificed by IP injection of lethal dose of pentobarbital sodique
{0.1 ml/g of body weight — CEVA Santé Animale, Libourne, France)
and tissues were harvested, frozen and stocked prioar to investigation.

Statistics

Experimental procedure was conducted with a total of 20 mice
per group to allow data analysis on at least 12 mice per group at the
end of the protocol, Data obtained were analyzed either by ANOVA
Tuley's test [ ExcelStat Pro software — Microsoft Office 2007 ). Groups
with significant differences (p=0.05) are indicated with different
letters, Correlation tests were performed using Pearson's parametric
test (ExcelStat Pro software — Microsoft Office 2007 ).

Animals

One month old female Senescence accelerated mouse-Prone
8 (SamP8) and Senescence accelerated mouse-Resistant 1 {SamR1)
derived from AKR/] strain were obtained from INRA-Dijon (UMR INRA-
ENESAD Flaveur, Vision et Comportement du consommateur, 21065

[

Age (month) 1

Dijon Cedex, France). As an acclimatization period, they were provided
with free access to a standard growth diet for a month. Subsequently,
SamR1 and SamP8 animals were randomly divided in different groups
and submitted to different diets ad libitum for 10 months (Fig. 1) after
checking that diet enrichment did not modified significantly daily
food intake. Besides, the experimental protocol was designed not to
exceed 10 months to avoid a dramatic increase in SAMP8 mortality
currently observed from 12 months of age [12].

Diets

Diets were purchased from INRA (Jouy-en-Josas, France) or Harlan
{Ganat France). All diets were adjusted to be approximately isocaloric
(A=5%). SamR1 mice were fed either a standard growth diet (Harlan
Teklad Global 2019) or a sunflower oil based diet with a high w6/m3
Polyunsaturated Fatty Acid {PUFA) ratio (Tables 1 and 2). In parallel,
SamP8 mice were fed either a standard growth diet (Harlan Teklad
Global 2019}, a sunflower oil based diet or an enriched sunflower oil
based diet that modulates the fatty acid composition (Table 1). Borage
and fish oils were used to test the effect of a y-Linolenic acid (18:3 wG;
GLA) enrichment or to reduce the w6/w3 ratio by providing
Eicosapentaenoic acid (20:5 w3; EPA) and Docosohexaenoic (22:6
w3; DHA) respectively.

Bone morphalogical analysis

Bone morphological analysis was done using an eXplore CT 120
scanner [GE Healthcare, Canada). Frozen femora, cleaned of soft tissues,
were scanned. Acquisition consisted of 360 views acquired in 1°
increments collected in one full gantry rotation, with a 20 ms exposure/
view and X-ray tube settings being 100 kV and 50 mA. CT images were
reconstructed using a modified conebeamn algorithm with an isotropic
voxel of 0.045x0.045x=0045 mm?®, CT scans were analyzed using
MicroView® version 2.3 software (GE Healthcare, Canada). A hydroxy-
apatite calibration phantom (SB3, Gamex RMI, W1} was used to convert
gray-scale levels to HA density values. Trabecular bone of the distal
femur was selected for bone mineral density and bone volume fraction
(BVF=Bone Volume;Total volume) analyses by fitting a cylindrical
region (r=07 mm) of interest in the center of the femur, starting
0.1 mm proximally from the growth plate and extending a further
0.32 mm in the proximal direction. Bone Volume Fraction was
calculated using a threshold of 150 mg.ﬂ:mg to isolate bone tissue,
Bone mineral density was estimated as the mean converted gray-scale
level within the region of interest.

Tissue weight analysis

Mice total body weight was measured weelly throughout the study.
Spleen, muscle tissues (including gastrocnemius and quadriceps)

12

Weaning

=« Sunflower » diet (Deletary

n6 [ n3) = control diet

« Treatments diets _ ll

(sunflower diet énriched with | c og »

Fig. 1. Experimental protocol design,
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Table 1
Diets formulations,
Ingredient Standard diet Sunflower  Borage Fish enriched
{g/100 g diet) (Harlan 2019)  based diet  enriched diet  diet
Wheat starch 55.24 59.14 56.79 56.749
Casein 19.00 19.20 19.20 1920
Sucrose 416 416 4.16 4.16
Fiber cellulose 360 3.50 3.50 350
bL méthionine 3.30 0.30 0.30 030
Choline 020 0.20 0.20 020
bitartrate

Mineral mix 350 2.50 250 2.50
Vitamin mix 1.00 1.00 1.00 1.00
Sunflower oil 0.00 5.45 5.62 6.73
Canola oil 0.00 273 337 337
Borage oil 0.00 0.00 279 0.00
Fish oil 0.00 0.00 0.00 1.68
Dleisol ail 0.00 182 0.57 057
Sovbean ol 10.00 .06 0.00 0.00
Energy (cal) 420 428 440 440

From LM.RA. (Jouy en osas, France}: casein (Union des castinerie, Surgéres, France),
cornstarch { Cerestar, Saint-Maur, France), cellulose (Durieux, Marne la Vallée, France ),
oil (Bailly, Aulmay sous Bois, France), vitamin mixture (Roche, Meuilly sur Seine,
France), mineral mixture (Prolaho, Fontenay sous bois, France), ne-methionine and
choline bitartrate (Jerafrance, Jeufosse, France),

and visceral adipose tissues were collected from mice and weighted
immediately after sacrifice. Using scissors, approximately 90% of fat
depots were removed around kidneys and gut.

Biochemical parameters
Venous blood sampling from twelve months old mice was
collected in plain tubes, and was centrifuged. Serum was subsequently

removed, aliquoted and stared at —80 °C. CRP level was measured by

Table 2
Diets’ fatry acld composition (% of total fatty acids),

Fatty acids Standard diet Sunflower  Borage Fish enriched
(Harlam 2019)  based diet  enriched dier  diet
12:0 .71 0.00 0.00 0.00
14:0 015 0.05 0.05 0.09
15:0 000 0.00 0.00 0.00
16:0 11353 5.11 6.538 5.03
17:0 0.00 0.02 0.01 0.01
18:0 324 275 2,89 297
150 0.00 0.00 0.00 0.00
20:0 0.25 0.19 0.16 016
22:0 008 0.24 012 0.1z
Total SFA 15.78 836 9.81 8.38
16:1 015 0.08 .14 0.19
18:1 n—9 234 46.89 36.84 37.77
18:1 n—7 [ ] .00 0.21 052
20:1 0.54 0.34 1.17 0.73
220 0.05 0.00 0.54 .00
2411 0.00 0.00 0.34 0.00
Total MLFA 24,14 473 3924 39271
182 n—6 54.23 42.04 43.40 40.51
183 n—6 0.00 0.00 5.19 0.00
20:4 n—8 0.00 0.00 0.00 0.3
Total PUFA -6 54,23 42,04 48.59 q0.82
18:3 n—-3 5.93 2.29 235 238
1Bd4n—3 0.0l 0.00 0.00 0.52
2004 n=13 0.00 0.00 0.00 0.32
205 n—3 .00 0.00 0.00 6.35
21:5n—3 0.00 0.00 0.00 0.22
22:5n—-3 00 .00 .00 031
22:6 n-3 0.00 0.00 0.00 1.50
Total PUFA -3 594 229 235 11.60
Total PUFA 6016 4433 50.94 5242
LA/ALA 9.14 1835 1846 17.02
n—6/n—3 913 18.35 20.67 3.52
Total percent 10000 10000 1000 100.00

Bold script aimed at highlighting main fipid differences,

mouse C-Reactive Protein (Mouse) EIA Kit {ALPCO Diagnostics, Salem,
USA) according to the manufacturer's instructions. CTX-1 level was
measured by ELISA Kit for Mouse Cross Linked C-Telopeptide of Type 1
Collagen (Uscn Life Science Inc., Wuhan, China).

RNA extraction

For each experimental group, two sets of extractions were done with
three tibias pooled in each. Frozen bones were ground in liguid nitrogen
to obtain a fine powder. Subsequently, total RNA was isolated using
RNeasy Mini Kit (Qiagen, France), following the manufacturer's in-
structions. Total RNA was guantified by measuring OD260, and integrity
was checked by 1% agarose/formaldehyde gel electrophoresis.

Reverse transcription

1 pg of total RNA was converted to ¢cDNA using the high capacity
cDNA reverse transcription {(RT) kit (Applied Biosystems). Ten
microliters of total extract were incubated with 10 pl of 2:< RT master
mix. RT was performed as following (step 1: temperature 25 °C, time
10 min; step 2: temperature 37 °C, time 120 min; step 3: temperature
85°C, time 5 min). The resulting cDNA was used immediately for
TagMan® low-density arrays (TLDAs) (Applied Biosystems 7900HT
real-time PCR system), a real-time polymerase chain reaction (PCR)
in a low-density array format, to assess simultaneously the expression
of multiple genes.

Tagman low density arrays (TLDA)

Each card of the low-density array has 8 separate loading ports,
each with 48 separate wells, for a total of 384 wells per card. Each 2-ul
well contains specific, user-defined primers and probes, capable of
detecting a single gene, 185 ribosomal RNA and actin served as the
housekeeping genes. Each cDNA sample (100 ul) was added to an
equal volume of 2x TagMan® universal PCR master mix {Applied
Biosystems). After gentle mixing and centrifugation, the mixture
was transferred to a loading port on a TLDA card. The array was
centrifuged twice for 1 min, each at 1200 rpm, to distribute the
samples from the loading port to each well, The card was then sealed
and PCR amplification performed using an Applied Biosystems Prism
T90OHT sequence detection system [equipped with a TagMan® low
density array upgrade). Thermal cycler conditions were as follows:
2minat50 °C, 10 min at 94.5 °C, 30 5 at 97 °C, and 1 min at 59.7 °C for
40 cycles. Expression values were calculated using the comparative
threshold cycle ((7) method as directed by the manufacturer (User
Bulletin No. 2, Applied Biosystems). Briefly, this technique uses the
formula 2% to calculate the relative expression of transcripts
for each gene. C; values for each gene and for 185 and actin both as
housekeeping genes, were calculated. The AC: value [AG =Gy
(Sam R1 sunflower fed mice) — C[185 and actin)] was used as the
calibrator, Assigning to the calibrator value of 1.00, the relative
expression of each zene was calculated in arbitrary units (AU) with
the formula: AAC, = AC{sample) — AC( calibrator).

Results
Sunflower diet exacerbates osteoporosis features in SAMP8 mice

Before analyzing the effects of nutritional interventions, we aimed
at validating that our mouse model of progeria was associated with
bone loss and mimicked senile osteoporosis. Then, we first studied the
effect of the strain on bone health by comparing the bone mineral
density (BMD) of SAMPS to SAMR1 mice. Under growth diet, SAMPS
mice exhibited lower BMD of approximately 15% (Fig. 2A). However,
this decrease was just below significance. In contrast, the effect was
greater and became significant when mice were fed a sunflower diet

Please cite this article as: Wauquier F. et al, Borage and fish oils lifelong supplementation decreases inflammation and improves bone health
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Fig. 2. Bone status; A, D: bone mineral density analysis. B, E: bone volume analysis. C, F: femur length analysis, (Gr: Growth diet; Sf: Sunflower diet; Bo: borage diet: Fi: fish diet).
Significant different groups are represented by different letters as analyzed by ANOVA (p=0.05].

(Fig. 2A). Indeed, while no effect was observed on the resistant strain
[SAMR1}, sunflower “treatment” highlighted the decrease in bone
mineral density in the progeria model. As a matter of fact, loss of BMD
was almost doubled to reach 27% (Fig. 2A). This changing in BMD was
associated with a reduction of bone volume (Fig. 2B) but not related to
any alteration in bone growth (Fig. 2C), thus wvalidating the
establishment of an aged-related bone loss features, Therefore, we

set the sunflower diet as control and aimed at efucidating whether

addition of alternative fatty acids may rescue mice from sunflower-
stimulated senile osteoporosis.

Nutritional treatments allow bone mineralization rescue without
affecting bone growth

At owo months old, mice started to be fed a “sunflower” diet enriched
or nat either with borage oil or fish oil. At 12 months old, mice were
sacrificed and femorae were harvested for micro computed X-rays

tomography analysis. Results reveal that nutritional treatments pre-
vented SAMPS mice from altered bone architecture by restoring both
bone mineral density and bone volume back to values observed in
SAMR1 mice (Fig. 2D and E). Since no effect was observed on femorae
length, this rescue in bone phenotype could not be atiributed to any
growth effect (Fig. 2F). Then we questioned the origin of such a rescue.

“Fish diet"-induced bone rescue is correlated with fat mass gain

Bone growth and mineralization may be stimulated by mechanical
loading. In order to elucidate whether body mass may be involved in
the bone phenotype rescue we investigated the effects of diets on total
body, adipose tissues and muscle weight gain. As revealed by Fig. 3A,
fish diet induced a significant raise of 70% in total body weight while
borage diet showed no impact despite the absence of difference in
total foad intake (Fig. 3B). Then, total body weight gain was tested for
correlation with BMD values. Pearson analysis demonstrates thar fish
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are represented by different letters as analyzed by ANOVA (p=005).

diet shows a significant correlation between BMD and body mass
increase with a Pearson correlation value of 4 0.345 and a p-value of
0.037 (Fig. 3C). To determine the origin of fish diet-induced total body
weight gain, measures of fat and lean tissues weight were performed
when mice were sacrificed. The data obtained clearly show that only
fat mass parallels with body weight gain with an increase of
approximately 73% for fish diet (Fig. 3D}, In contrast, muscle mass
was altered in SAMP8 groups with a rough 20% and 10% weight loss
for gastrocnemius and quadriceps respectively (Fig. 3E and F), None of
the diets were able to counteract the muscle loss suggesting a strain
effect rather than a nutritional effect.

Both, “fish™ and “borage” diets restore inflammatory parameters in
SAMP8 mice

In contrast to mechanical loading, inflammation is a major con-
tributor to osteoclastogenesis and subsequent bone resorption. Then

the hypothesis was tested whether effects of diets on bone may
originate from inflammatory parameters modulation. As a relevant
indicator of global inflammatory status, spleen weight was measured
for the four groups. Data enlighten a significant higher organ weight
under sunflower treatment in SAMPS that may be prevented by
borage and fish ocils addition (Fig. 4A/see Supplementary data A
for SAMP8 growth diet control). Therefore, it is a major interest to
notice that for all groups this increase in spleen weight was negatively
correlated with the BMD (Pearson value: —0.208/p-value: 0.044;
Fig. 4B). In order to strengthen our results, we explored the blood
level of inflammatory markers such as C reactive protein (CRP). As
expected, data obtained linked with spleen weight measures.
However, only fish diet significantly lowered CRP values back to
SAMR] values (Fig. 4C/see Supplementary data B for SAMPS growth
diet control).

As a matter of fact, when analyzing transcriptomic data from TLDA
performed on bone tissue samples, fish diet significantly lowered

Please cite this article as: Wauquier F, et al, Borage and fish oils lifelong supplementation decreases inflammation and improves bone health
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Fig. 4, Inflammation parameters: A: spleen weight measurements, B: Pearson correlation between spleen weight and bone mineral density, C: C-reactive protein analysis in blood
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significant variations and relevant markers are presented. (Sf: Sunflower diet; Bo: borage diet; Fi: fish diet). Significant different groups are represented by different letters as

analyzed by ANOVA (p=0.03).

expression of inflammation markers, For instance, expression of
cytokines and corresponding receptors responsible for mediating
mflammatory responses such as IL-6, IL-6R and IFNgR1 were
increased in SAMPS under sunflower diet and brought back to
SAMR1 values when SAMPS were fed a borage or fish enriched diet
{Fig. 4D, E, G). In contrast, nutritional treatment did not affect other
inflammatory mediators such as IL-1R1 {Fig. 4F) or TNFo (data not
shown). Despite dissimilarities in statistic significances, taken
together, the results strongly suggest that both diets impact
inflammation establishment that may account in return for bone
loss prevention.

Fish and borage diets affect bone remodeling markers

Keeping on searching for the origin of diet-induced bone rescue,
efforts were focused to question whether bone remodeling or bone
differentiation markers may be impacted by one diet or another.
Then, to evaluate the rate of bone matrix degradation, blood samples
were harvested for CTX1 quantification (Fig. 5A). Despite the lack of
significance due ro a great amplitude in the data obtained from

the SAMPS sunflower group, the results show that both borage and
fish diets tend to prevent from the CTX-1 level increase. This trend
supports a lesser osteoclastic activity and consequently a lower
resorption rate and bone |oss.

Thus, in support to blood investigations, transcriptomic analyses
were performed on bone tissue samples (whole femorae). Using,
TLDA database and ANOVA analysis, both fish and borage groups'
expressions for studied markers were compared to SAMPS and
SAMRI1 sunflower diet groups. Due to the amount of targets, only
remarkable bone markers expressions with the most significant
differences were represented. As showed in Fig. 5B~ expression
of both pro-resorption and pro-formation markers was impacted,
Expression of key enzymes contributing to bone resorption was
altered. MMP2 and MMP9, invelved in collagen degradation
showed decreased expression as compared to the SAMPE sunflow-
er group (MMP9: —55% for fish diet, MMP2: —50% under both
borage and fish diets) (Fig. 5B,C). Besides collagen degradation,
osteoclast differentiation was also down-regulated by both borage
and fish as demonstrated by the drop in the calcitonin receptor
(CTR) expression (—80% and—G0% respectively} (Fig. 5D). This
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Fig. 5. Bone remodeling parameters. A; resorption marker CTX-1 determination, B-1: transcriptomic analysis on bone tissues. Expression of the bone cell markers were determined
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decrease in mature osteoclast markers may be associated with a
modulation of the osteoblast-induced osteoclast differentiation. As
a matter of fact, borage and fish induced higher OPG and lower
RANKL transcription levels leading to a higher OPG/RANKL ratio
(Fig. 5E, F).

In contrast to osteoclast markers, expression of osteoblast
differentiation markers such as SP7 (osterix) and SPP1 {osteopontin)
was stimulated as compared to SAMPS sunflower group by fish diet
(+310% and - 370% respectively) (Fig. 5G, H). In addition, both diets
reduced PPAR expression (approximately —70%), a transcription

factor involved in osteoblast/adipocyte commitment thus favoring
osteoblast differentiation (Fig. 51).

Discussion

Osteoporosis represents a major health concern for aging popula-
tions that might be prevented by nutritional strategies [13]. In our
study, we investigated the effect of different fat-supplemented diets
on a mice progeria model. Taken together, our data demonstrate that
both borage and fish oil enriched diets were able to counteract aging-

Please cite this article as: Wauquier F, et al, Borage and fish oils lifelong supplementation decreases inflammation and improves bone health
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associated bone loss, mostly by preventing inflammation establish-
ment and its consequences on bone cell behavior.

In this work, we first established that our experimental model
reproduced osteoporosis without affecting bone length. Indeed,
SAMPE mice are classically described for their osteoporotic features
rather than SAMPS. However in a context of multi disciplinary
approaches, the SAMPS model was chosen for exhibiting both
muscle and bone weakness [11,12]. In addition, SAMPS mice exhibit
neurological disorders resembling to Alzheimer disease that is
associated with aging complications, In this light, SAMPS correctly
mimics aging features and patho-physiologic environment regarding
senile osteoporotic establishment in humans,

In this model, sunflower oil diet significantly exacerbated bone
loss only in SAMPS. This observation is consistent with the literature
on w6 effects on bone as demonstrated by Martinez-Ramirez showing
that risk of fracture in elderly is positively associated with w6 fatty
acid intake [14]. As a matter of fact, sunflower oils exhibit a high
Linoleic acid/a-linolenic acid ratio. This high ratio is acknowledged
for its pro-inflammatory effects. Given the fact that aging-associated
bone loss is also widely related to increased inflammation, the study
aimed at deciphering whether fish or borage enriched sunflower-
based oil could counteract pro-inflammatory mechanisms and
prevent senile osteoporosis in conditions that mimic western food
habits.

The high Linoleic acid/re-linolenic acid ratio was proven to lead
to increased production of PGE-2 by cyclooxygenases [15]. In return,
PGE2 contributes to bone loss by favoring inflammatory context
establishment [10] and osteoclastogenesis [5.6]. In our study,
sunflower-associated bone loss and inflammation were counteracted
both by borage and fish ail supplementation.

Fat diets may induce weight gain that favors bone formation by
mechanical loading [16]. In our model, only fish diet induced weight
gain. Since, this gain was significantly associated with BMD, this
parameter should be taken into account te explain BMD rescue.
Weight gain may result from fat or lean mass gain. In our hand, weight
gain induced by fish diet was only correlated with fat mass gain. In
contrast, investigation on muscle tissues showed weight decrease
for all SAMP8 groups. As osteoporosis, sarcopenia is associated
with aging. Characterized by muscle weakness and loss, sarcopenia
accelerates osteoporotic features [ 17]. In this context, this strain effect
suggests that BMD rescue may not be associated with a better
muscular health. However, fat increase is associated with estrogen
production by adipocyte [18] which might explain part of fish oils
effects an BMD rescue.

Besides mechanical loading, inflammation plays a major role in the
modulation of bone remodeling. The literature widely acknowledges
that inflammatory context greatly stimulates bone resorption while
inhibiting formation [19,20]. This process includes an increased
of RANKL production by osteoblast and activated immune cells
that promotes osteoclast formation, activation and survival. As an
indicator of the global inflammatory status, spleen weight analysis
and determination of CRP concentration in serum were performed
and negatively correlated with BMD. As a matter of fact, both spleen
weight and CRP concentration were increased in SAMPS versus
SAMR1. These data are consistent with enhanced inflammatory status
observed with aging [21]. However, in our model, this raise was not
only related to aging but associated with aging in the presence of
sunflower diet (see supplementary data). Therefore, inhibition, by
borage and fish diets, suggests that both borage and fish may rescue
BMD phenotype via a potent anti-inflammatory effect during aging
process. These data are consistent with the literature. As mentioned
above, sunflower oils present a low w3/w6 ratio favoring PGE2
synthesis, inflammatory context establishment and subsequent bone
resorption [5,6,10]. In contrast, in fish oils, @3/w6 ratio is higher and
preferentially leads to PGE3 synthesis [8]. PGE2 and PGE3 exhibit the
same effect on bone resorption, however, conversion fo prostaglan-

dins from 3 PUFAs is less effective than from w6, resulting in lower
PGE3 levels [7.8]. Borage effects on BMD might originate from higher
concentration of GLA. As a matter of fact, conversion of GLA by
cyclooxygenases leads to PGE1 production which presents anti-
inflammatory effects that may benefit to bone and rescue BMD [9).
In support to this hypothesis, spleen weight and CRP levels were
correlated with a decrease in IL-6 and [L-6R expressions in bone
tissues.

To further investigate cellular mechanisms responsible for BMD
rescue, bone marker expression for cell differentiation, activity and
communication was harvested by Tagman Low Density Arrays. As
expected, borage and fish impacted bone cell transcription patterns.
Both decreased RANKL expression. This down-regulation is consistent
with the reduced inflammatory context [19,20]. However, transcrip-
tomic analyses were done on the whole femur which does not allow
distinguishing the origin of RANKL (osteoblast, stromal cells or
immune cells). Together with OPG increase expression these results
suggest that borage and fish oil supplementation leads to decreased
osteoblast-induced osteoclastogenesis [22 23], Effects of fish oils on
BMD in our model are consistent with Rahman et al.'s study [24]. They
demonstrated that DHA, decreases osteoclast formation and activity
by reducing NFkB expression and DNA binding thus preventing
from RANKL signaling and associated osteoclastogenesis, DHA is a w3
highly represented in fish oils and its presence may contribute to
explain the observed result on BMD protection. However, our results
contrast with the work from Poulsen's group |25| revealing that
GLA may stimulate RANKL expression in the murine MC3T3-E1 [5]
osteoblast-like cell line, This discrepancy may originate from the
model, As mentioned above, transcriptomic analyses were performed
on total femorae, which includes not only osteoblasts but also
fibroblasts, dendritic cells and lymphocytes that produce RANKL in
bane marrow environment [26]. Qur hypaothesis, that fish and borage
target osteoclastogenesis was further supported by the observed
decrease in CTR expression a marker of mature and activated
osteoclasts. Together with the decrease of bone resorbing enzyme
expression such as MMP-2 and MMP-9, these results provide a potent
explanation for the BMD rescue by inhibiting OC differentiation and
activity.

Besides, both osteoblasts and adipocytes are derived from bone-
marrow mesenchymal stem cells (MSCs) |27]. It has been postulated
that age associated bone loss partly comes from a decreased number
of bone forming osteoblasts, and an increased number of adipocytes in
the bone marrow, resulting from a preferential adipocytic differen-
tiation of the MSCs [28]. The adipocyte-specific transcription factor
peroxisome proliferator-activated receptor-gamma (PPAR-v) acts as
a critical positive regulator of marrow adipocyte formation and as a
negative regulator of osteoblast development [29]. In vivo, increased
PPAR-y activity leads to bone loss, similar to the bone foss observed
with aging [3031], whereas decreased PPAR-vy activity results in
increased bone mass [32]. In our model, PPAR-v mRNA expression is
reduced in the femurs of fish oil and borage oil fed mice which may
contribute to the beneficial effect of these diets on bane.

We demonstrated for the first time that borage and fish diets
restored inflammation and bone parameters using an original model
of senile osteoporosis that mimics clinical features of aging in humans.
This study enlightens the duality of fat diets. In one hand, sunflower
oil exacerbated bone loss, in another, borage and fish oils protected
bone health.

Our data strongly parallel with clinical observation and provide
further explanation on cellular mechanisms of action, suggesting that
fish and borage oil supplementation may act through inhibition of
osteoclastic resorption by abrogating increased inflammatory context
and osteoblast-induced osteoclast formation. Then, this encouraging
data suggest that nutritional approaches are relevant regarding
osteoporosis and offer promising alternatives in the design of new
strategies for preventing aged-related locomotor dysfunctions,
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Nevertheless, further in vitro studies are now required to fully deter-
mine components responsible for biological effects and to decipher
underneath molecular mechanisms.

Supplementary materials related to this article can be found online
at doi:10.1016/j.bone.2011.05.030.
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L’article numéro 2 a permis de confirmer I'effetnéfique de certains acides gras a
longues chaines dans la préservation du capitaligs vivo. Ce réle protecteur semble étre
lié, au moins pour partie, aux propriétés antianfmatoires des AGPI testés. Cependant, il
est peu probable que I'effet des acides gras ssrsé résume a une action anti-inflammatoire
et les mécanismes régissant les interactions anides gras et tissu osseux sont encore loin
d'étre tous élucidés.

Parmi ces mécanismes potentiels, les effets didsmdsacides gras au niveau cellulaire
par I'activation de récepteur spécifigue occupené¢ ylace croissante dans la littérature.
Récemment, les acides gras a longues chaineséoiuteétifiés comme ligands naturels d’'un
récepteur membranaire couplé a une protéine GPIR4B (Briscoe, Tadayyon et al. 2003).
Le rble de ce récepteur est, a ce jour, essemtietie connu dans les cellulpsdes ilots de
Langherans ou il participe a la potentialisationlpa acides gras de la sécrétion d’insuline en
réponse au glucose (ltoh, Kawamata et al. 2003)o(ica Alquier et al. 2007) (Brownlie,
Mayers et al. 2008) (Vettor, Granzotto et al. 20@pshi, Brahma et al. 2009) (Schmidt,
Liebscher et al. 2011). Il pourrait également wéeir au niveau des cellules de I'intestin ou
il contribuerait a la sécrétion des incrétines @ldf Steneberg et al. 2008) en réponse au
acides gras ainsi qu'au niveau du systéeme nerveutral ou il serait le médiateur de
I'induction, par l'acide docosahéxaénoique (DHA) da différenciation de certaines
populations neuronales (Ma, Tao et al. 2007) (Kapldzhiev, Hisha et al. 2010) (Ma, Zhang
et al. 2010).

De maniere intéressante, nous avons pu confirrgpiession du GPR40 au niveau de
cellules de la lignée ostéoclastique (Cornish, Mab@n et al. 2008) et nous avons donc émis
I'hypothese qu’il pourrait contribuer & une modidatdirecte du remodelage osseux par les

acides gras.

Ce travail a permis de mettre en évidence I'exisgter’'un phénotype ostéoporotique
chez la souris invalidée pour le GPR40. L'effet peoteur de ce récepteur semble lié
principalement a un effet inhibiteur de son activah sur la différenciation des ostéoclastes
(Fig 23). En effet, l'utilisation de I'agoniste spifique du GPR40 empéche in vitro la
différenciation ostéoclastiques par RANKL de deuxdgles cellulaires de maniere GPR40-
dépendante. De surcroit, cet agoniste est égalencaptble in vivo de s’opposer a une perte
osseuse induite chez la souris. Ces résultats ewvepour la premiere fois I'implication du
récepteur GPR40 dans la physiologie osseuse et @ppbla connaissance d’'une nouvelle

possibilité de modulation directe des cellules assss par les acides gras.
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Figure 23 :Lerdle ostéoprotecteur de I'activation de GPR40 ioy®rait une
inhibition de la différenciation des ostéoclasteduite par RANKL
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Introduction

Literature has widely linked lipid intake and inflanation status, a key protagonist
involved in bone resorption (Ono, Kaneko et al. 200Tsutsumi, Xie et al. 2009). As a
matter of fact, inflammation favors bone degradatiy stimulating osteoclast activity while
inhibiting osteoblast bone formation leading to alainced bone remodeling and subsequent
bone loss. Regarding inflammation, lipids exhibitdaality, with both pro- and anti-
inflammatory effects depending on their structund anetabolism (Laneuville, Breuer et al.
1995) (Raisz, Alander et al. 1989). In this lighigrowing body of evidence has revealed that
®-6 increase bone loss whiée3 are believed to protect bone health (Corwin 2qC&lder
2006) (Ono, Kaneko et al. 2005) (Tsutsumi, Xie kt2809). Nevertheless, this debate
remains controversial and rather reductive. In, factabolites deriving from free fatty acids
might not be the only ones responsible for mediateffects of fatty acids on bone
remodeling. For the last decade, different receptocluding nuclear and membrane-bound
receptors have been extensively described for theaiment in transducing a specific signal
when interacting with free fatty acids. The maidhcumented receptors belong to the PPAR,
TLR and GPR receptor families.

Diascro et coll. were the first to demonstrate thanixture of palmitic, oleic, and
linoleic acids, activate the PPARs and induce adifmwlike differentiation of both
ROS17/2.8 and Sa0S-2/B10 pre-osteoblast cell kuggesting that fatty acids can initiate
the switch from osteoblasts to adipocyte-like cédsascro, Vogel et al. 1998). Molecular
mechanisms responsible for this unbalance were tescribed. At a cellular level, a fatty
acids rich environment was proven to stimulate P{PABtivity while drastically reducing
Runx2 expression and function, a transcription diactresponsible for inducing
osteoblastogenesis, in MC3T3-E1 and primary ossésblgrecursors (Maurin, Chavassieux et
al. 2005) (Jeon, Kim et al. 2003). Taken togethigese data strongly support that our food
habit in terms of fatty acids intake may have ardric impact on bone metabolism through
PPARs activation. Besides, TLRs were recently askedged for binding saturated fatty acid
and activate different intracellular signaling pattys (Hwang 2001). These interactions have
been mainly described in the establishment of noditabyndrome (Shi, Kokoeva et al. 2006).
Indeed, mice model invalidated for TLR2 and 4 wsnewn to be protected against induced
inflammation, increased adiposity and insulin r@sise upon enriched saturated fatty acids
diet (Coenen, Gruen et al. 2009) (Himes and Snt0®
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In 2003, two teams demonstrated that GPR40, 4148ndere able to interact with
free fatty acids and to transduce a specific sigr@bss the cell membrane. Using®Ca
mobilization probes and cellular models transfeetét either GPR40, 41 or 43, Brown et al.
showed that short chain fatty acids activated GP&¥#l GPR43 while Briscoe demonstrated
that GPR40 activation was restricted to medium &ty chain fatty acids (Briscoe,
Tadayyon et al. 2003) (Brown, Goldsworthy et alD20(Schmidt, Liebscher et al. 2011). The
roles of these fatty acids receptors were mainlgudwented in pancreatic tissues for their
involvement inB-cell functions (Covington, Briscoe et al. 2006)déed, free fatty acids were
found to regulaten vitro insulin secretion from pancreatic beta cells tigftoGPR40 (Itoh,
Kawamata et al. 2003). Using GPR40 deficient miegour et al. lately showed that GPR40
stimulation contributes to fatty acid potentiatioinglucose induced insulin secretion (Latour,
Alquier et al. 2007). More recently, oxidative sgewas proven as a key protagonist in the
control of insulin secretion by palmitate througRPR#A0 stimulation (Graciano, Santos et al.
2011).

As expected regarding their role in pancreatictssfanctions, GPRs expression was
also evidenced in other tissues related to foocabmdsm for their role in nutra-sensing and
fat storage. In another hand, G-coupled fatty acedeptors are expressed by immune cells
such as leukocytes and monocytes (Nilsson, Kotaesla). 2003) (Oh, Talukdar et al. 2010).
As bone tissues share common precursor cells with hthe hematopoietic and the
mesenchymal lineage, GPRs expression were invegtiga bone cells (Cornish, MacGibbon
et al. 2008). In our hand we confirmed for thetfirse the expression of GPR40 in bone cells
both in vivo andin vitro. In addition, we hypothesized that GPR40 counter@one loss
associated with detrimental properties of lipidsd atemonstrated that GPR40 is a key
modulator of bone remodeling. Thus, our data brieg insight in the roles of GPRs in bone
microenvironment and confirm the relevance of GPR40potent target in designing new

therapeutic and/or nutritional strategies in thevpntion of excessive bone loss.
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Materials and Methods

Ethics.

All animal procedures were approved by the ingotis animal welfare committee
and were conducted in accordance with the Nati®ssearch Council’s guidelines for the
care and use of laboratory animals. Animals wereséd in the animal laboratory of the
INRA Research (Center, Nguyen et al.) for Human  riNah

(http://www1.clermont.inra.fr/lunh/telechargementmegt/ienplaquette.piif Throughout the

study, animals were housed in a controlled envireming12:12 h light-dark cycle, 20-22°C,
50-60% relative humidity / 5 mice per plastic cagigh free access to water / except for
ovariectomy: mice were housed one per cage). Asinvale delivered to our facility 2 weeks
before study for acclimatization to our animal eamment. At the end of the protocol, blood
was withdrawn on anesthetized animals. Then, asimate sacrificed by cervical dislocation

and tissues were harvested, frozen and stockedtprinvestigation.

Animals.

GPR40-/- mice.GPR40-/- (knockout [KO]) mice were obtained fronm. I¥incent
Poitout (Montréal Diabetes Research Center, Uniiersle Montréal, Canada) in
collaboration with AMGEN Inc. As described by Lataet al. (17395749), GPR40-/- mice
on a mixed C57BL/6/129 background were generatedchdayologous recombination in
embryonic stem cells at Lexicon Genetics (The Wawnds$, TX). Exon 2 of the GPR40 gene
was replaced with a LacZ gene. Pups were screesied BCR of genomic DNA. Wild-type
(WT) littermates were used as controls.

Ovariectomized miceAfter an acclimatization period, 9 weeks old C57HR]
females were subjected to ovariectomy. After syrgarice were housed one per cage for the
total duration of the experiment and randomly daddnto 3 distinct groups (n=7 per group;
Sham operated/control vehicule; OV X/control vehecVX/GW9508). Gavage started after
a 24 hour recovery period. Mice received, threeeimer week, 100ul of either DMSO as
control vehicule or GW9508 at the concentratioBmiy/kg of body weight/day for 5 weeks.

Primary bone marrow cultures for osteoclast formaton
Bone marrow cells were isolated from 3- to 5-weekbs-wild-type or GPR40-/-

C57/BL mice. Briefly, femurs were excised, and mharow cavity was flushed witlt MEM
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supplemented with 10% FCS. Cells were washed aatégin 1 ml of the same medium at a
density of 2.5*18 cells/cnf. Cultures were grown either in complete mediunnal¢control)

or in differentiation medium [rm-RANKL (50 ng/ml)&DSystems)]. Every two days, half
the medium was removed and replaced with fresh unedavith twice the final concentration
of the treatment agent. After six days culturesewbarvested for tartrate-resistant acid
phosphatase (TRACP) activity or total RNA.

Cell lines

Raw264.7. The murine osteoclast precursor cell line RAW264@s obtained
obtained from the American Type Culture Collect{gT CC® Number: TIB-71™). For
osteoclast differentiation experiments, cells wazeded at a density of 3¥16ells/cm? ina-
MEM medium supplemented with10% FCS in the presesit&0ng/ml of recombinant
murine RANKL (R&D Systems) for 6 days in combinatior not with either GW9508 or
DMSO as control vehicule; medium being changed yevevo days. For signaling
experiments, cells were grown edaMEM medium supplemented with10% FCS until about
80% confluency then serum starved for a total plkoio48 hours for each condition.

MC3T3-E1 (4). As for RAW cells, MC3T3-E1 (4) pre-osteoblast céhe was
obtained from the American Type Culture Collecti@®TCC® Number: CRL-2593™). For
viability assays, cells were seeded at a densityl®@f cells/cm? in a-MEM medium
supplemented with 2% FCS and cultured in the pseheither GW9508 or DMSO control
vehicule for 24 hours prior harvesting.

Bone micro-architecture analysis

Micro-architecture (secondary spongiosa) was aedlyf left femurs of 14 weeks old
mice. After removing soft tissues, femurs were ethcinto PBS buffer with 10%
formaldehyde at 4°C for one week. All samples weraged using X-ray radiation micro-CT
(SkyScan 1072). To perform a measurement, the meecivas mounted on a turntable that
could be shifted automatically in the axial direati(angular step: 0.675° / reconstruction
angular range: 186.30°). Aluminum filter (0.5mmcHji was placed between X-rays source
and sample. Pictures of 1024*1024 pixels wereinbthusing 37kV and 215pA. According
to camera settings final pixels measured 5.664uaxitg to a voxel of 1.817*1fmm’.
Calculation of histomorphometric parameters wagopered using CTAN® and Nrecof

softwares, version 1.11. and 1.6.1.7 respectively.
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Bone mineral density architecture

Bone morphological analysis was done using an a¥pldT 120 scanner (GE
Healthcare, Canada). Frozen femora, cleaned of t&sties, were scanned. Acquisition
consisted of 360 views acquired in 1° incrementkected in one full gantry rotation, with a
20 ms exposure/view and X-ray tube settings beid@ KV and 50 mA. CT images were
reconstructed using a modified conebeam algorithth an isotropic voxel of 0.045 x 0.045
x 0.045 mm. CT scans were analyzed using MicroView® versiaB 8oftware (GE
Healthcare, Canada). A hydroxyapatite calibratibargom (SB3, Gamex RMI, WI) was used
to convert gray-scale levels to HA density valuBsibecular bone of the distal femur was
selected for bone mineral density and bone voluraetibn (BVF = Bone Volume / Total
volume) analyses by fitting a cylindrical region=r0.7mm) of interest in the centre of the
femur, starting 0.1 mm proximally from the growtlate and extending a further 0.32mm in
the proximal direction. Bone mineral density wasnested as the mean converted gray-scale

level within the region of interest.

Body mass and composition

Sham and OVX mice filled with GW9508 or control i@he were weighted every
week throughout the experimental period. In addijtionice were subjected to body
composition before on day 0 and 27 using QMR Eche®IR™ system. Whole body fat
mass, lean tissue mass, free water, and total badtgr were measured in live animals
without anesthesia or sedation. Results were es@de grams and compared to total body

mass.

Cell proliferation assays.

RAW264.7 and MC3T3-E1 (subclone 4) cells were sdedea 96-well-plate at a
density of 3500 cells per well, and cultured foh2upplemented with 2% serum in the
presence of vehicule (DMSO) or 10-100puM of GW95C&yman Chemical - CAS 885101-
89-3) The cell proliferation was determined by an XTased method, using the Cell
Proliferation Kit 1l (Sigma-Aldrich) according tché supplier's recommendations. The OD

was determined at 450 nm.

TRAP assays
Enzymatic activity TRAP activity was assayed according to standarthods using

p-nitrophenyl phosphate as a substrate (22). Medias aspirated from cultures, and cell
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lysates were prepared using NP40 lysis buffer [3@ Twis, pH 7.4; 250 mM NaCl; 5 mM
EDTA; 50 mM NaF; 1 mM; Na3VO4; 1% Nonidet P40 (NR40.02% NaN3; PMSF 1mM,;
protease inhibitor cocktail (Sigma Cat. # P-27183dmples were incubated in 100 pl buffer
solution [125 mM sodium acetate buffer (pH 5.2)Q X0M p-nitrophenyl phosphate (Sigma-
Aldrich), and 1 mM L(+) sodium tartrate]. The pration of p-nitrophenol was determined in
96-well plates by measuring the absorbance at 40%an37 C. In the mean time, protein
amounts were quantified to express data as the @Baper minute per milligram protein.

Cell staining:In parallel experiments, cellular TRAP activity svanalyzed using the
leukocyte acid phosphatase kit (Sigma-Aldrich).eByi, the cells were washed twice with
PBS, fixed for 5 min with citrate/paraformaldehyatsdtone solution, and stained according to

the manufacturer’s instructions.

Cell transfection and NF«B-dependent luciferase activity

RAW?264.7 cells were transfected at approximatel§o8bnfluency with 80 ng/cm2
of NF-«B-RE/pGL3 Basic-luciferase vector using Fugene Héhsfection reagent (Roche)
according to published methods (12620896). 24 hpass-transfection, cells were incubated
with RANKL (50ng/ml) in the presence of vehiculeMIBO) or 50uM of GW9508 (Cayman
Chemical - CAS 885101-89-3). At 6 and 24 hoursrdfteatment, cell lysates were prepared
and luciferase activity was quantified using thecifearase assay kit (Promega). For each

condition, data are expressed as relative lighsimg protein.

GPRA40 silencing

GPR40 was specifically knockdown into RAW264.7 selking the SureSilencing™
RNA Interference technology (SABiosciences, QiageByiefly, at 80% confluency,
RAW264.7 cells grown in 6-wells plates were trantfd with either one of the four supplied
mouse GPR40 specific neomycin/plasmid-based shRNA pegative control. Fugene HD
transfection reagent (Roche) was used as transfietagent according to published methods
(12620896). 48 hours post-transfection, cells wer@bated with neomycin antibiotics
(Sigma-Aldrich) to selectively grow cells carryirgip-plasmids and establish a long-term
specific GPR40 knockdown RAW264.7 cell line. Afl@ne month of antibiotic treatment,
growing cells were harvested for GPR40 expressignrdal-time RT-PCR. Colonies

exhibiting the most knockdown efficiency were s&dedor further investigations.
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Western blot analysis

Bone and visceral adipose tissues from wild-typd &PR40-/- mice as well as
cultured cells were lysed and subjected to westdat analysis. Following harvesting
dissected tissues and cultured cells were immegielbdled on ice and lysed for 30min using
NP40 lysis buffer [50 mM Tris, pH 7.4; 250 mM NaGI;mM EDTA; 50 mM NaF; 1 mM,;
Na3VvO4; 1% Nonidet P40 (NP40); 0.02% NaN3; PMSF ZInpkbtease inhibitor cocktail
(Sigma Cat. # P-2714)]. Then, lysates were cemeiduat 13000g for 15min and pellets were
discarded. Proteins were quantified using BCA kBig(na-Aldrich) according to
manufacturer’s protocol and 20ug of total protegrevioaded and resolved on an 10% SDS-
PAGE gel and transferred to a nitrocellulose membr@nvitrogen). GPR40, IKK, phospho-
IKK, IkB a, phosphor-lIkB (SER32), ERK1/2, phosphor-ERK1/2 afiehctin proteins were
detected using specific antibodies from Santa @iorechnology (Santa Cruz, CA; GPR40:
sc-28416 /p-actin: sc-47778), and Cell-signaling (2682; 26@814; 2859; 9102; 9101),
respectively. After exposure with the indicatednmry antibody, the immunoblots were
washed and incubated with goat antirabbit/mousgleduhorseradish peroxidase (Santa

Cruz) followed by chemiluminescence using ECL reagdmersham).

Real-time RT-PCR

Modifications of osteoclast markers in treated @elltures were examined by RT-
PCR. Total RNA was isolated using TRIzol reagemvi{fogen) and treated with
deoxyribonuclease | (1 U/ug) to remove any contatmg genomic DNA. RNA
concentration was determined using Nanodrop tecigyolcDNA was obtained from 1ug
total RNA usingSuperScript® VILO™ cDNA synthesis kaccording to the manufacturer’s
protocol. Then, RT reaction mixture is diluted 1/ibOautoclaved dionized water and two
microliters are subjected to PCR using specifiecnprs (200nM final each) andXPRESS
SYBR® GreenER™ gPCR Supermix Universal consistemtith supplier’'s instructions.
Primers were designed as following: cak : f : coa&agcctagcgaaca / r
tgggtagcagcagaaacttg; ctr : f : tgcgaggggatctatctta : gttggcactatcgggaacc; trap: f :
ccagcgacaagaggttcc / r : agagacgttgccaaggtgat; minp9 cgacatagacggcatccag / r :
ctgtcggctgtggttcagt; nfatcl: f : gggtcagtgtgaccgadg : ggaagtcagaagtgggtgdaimers for
18S were used to ascertain that an equivalent amoiucDNA was synthesized. PCR
amplification was performed using Eppendorf Mastele@® ep Realplex. Reaction
conditions were as follows: 2 min at 50°C (one eycR min at 95°C (one cycle), and 15 sec

at 95°C and 1 min at 60°C (40 cycles). The relagxpression was calculated using the
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comparativeAACt method after normalization against the expreseiol8S rRNA. Data are
expressed as relative mRNA expression where cosigoll was arbitrarily set at 1.

Tagman Low Density Arrays (TLDA)

Left femurs were isolated from mice and cleanednfrany soft tissues as fast as
possible on day 28 after the experimental periodtrehtment. Then, samples were
immediately frozen into liquid nitrogen and crushietb powder prior to RNA extraction
using Trizol method (Invitrogen). 1g of total RNA was converted to cDNA using the high
capacity cDNA reverse transcription (RT) kit (Apmai Biosystems). Ten microliters of total
extract were incubated with 10 of 2x RT master mix. RT was performed as follogv{istep
1. temperature 25 °C, time 10 min; step 2. tempegat37 °C, time 120 min; step 3:
temperature 85 °C, time 5 min). The resulting cDWAs used immediately for TagMan
low-density arrays (TLDAS) (Applied Biosystems 7800 real-time PCR system), a real-
time polymerase chain reaction (PCR) in a low-dgresiray format, to assess simultaneously
the expression of multiple genes.

Each TLDA card of the low-density array has 8 sefgtoading ports, each with 48
separate wells, for a total of 384 wells per c&akch 2-ul well contains specific, user-defined
primers and probes, capable of detecting a singhe.gl8S ribosomal RNA and actin served
as the housekeeping genes. Each cDNA sampley{l®s added to an equal volume of 2x
TagMarf universal PCR master mix (Applied Biosystems). eAfigentle mixing and
centrifugation, the mixture was transferred to aliag port on a TLDA card. The array was
centrifuged twice for 1 min, each at 1200 rpm, igiribute the samples from the loading port
to each well. The card was then sealed and PCRIifazafpbn performed using an Applied
Biosystems Prism 7900HT sequence detection systqmipged with a TagM&hlow density
array upgrade). Thermal cycler conditions were @tows: 2 min at 50 ° C, 10 min at
94.5°C,30sat97°C, and 1 min at 59.7 ° CAfbrycles. Expression values were calculated
using the comparative threshold cyctér method as directed by the manufacturer (User
Bulletin No. 2, Applied Biosystems). Briefly, thiechnique uses the formula*?“" to
calculate the relative expression of transcriptsefich geneCr values for each gene and for
18S and actin both as housekeeping genes, wenglatald. TheACt value ACr = Cy (Sam
R1 sunflower fed mice) €+(18S and actin)] was used as the calibrator. Agssigto the
calibrator value of 1.00, the relative expressibeach gene was calculated in arbitrary units
(AU) with the formula:AACt = ACr(sample) -ACq(calibrator).
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Statistics.
Data obtained were analyzed either by ANOVA Tukegis Newman’'s Kell test
(ExcelStat Pro software - Microsoft Office 2007).
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Results

Lack of GPR4O0 is associated with bone loss

GPR40 function was originally described in pandoefitcells. Its expression was
lately extended to other organs dealing with faitids metabolism such as gut; however the
role of this receptor regarding lipids and boneerattion remains to be studied. Using a
mouse model invalidated for global expression oR@® we investigated the potent role of
this G-coupled protein receptor in bone tissuesabiein. According to uCT analsis, mice
lacking GRP40 expression exhibited osteoporotitufes with reduced bone mineral density,
bone volume and altered microarchitecture as redebl a decreased trabecular thickness
(Fig.1A). Thus when compared to control wild-typigelmates mice, one may speculate a
protective role of GPR40 on bone remodeling proeess

Then, to further investigate this hypothesis, wesgiwned the expression of GPR40 in
bone tissue to determine whether GPR40 may direéatlyence bone cells activities. As a
matter of fact, we showed for the first time thaistreceptor was expressed at the protein

level in bone tissues. In the same time, we comitiibs absence in bone in GPR40-/- mice.

GPR40 agonist GW9508 inhibits RANKL-induced osteoélst differentiation

Using primary BMM cultures and the osteoclast preou cell line RAW264.7 we
confirmed the expression of GPR40 in osteoclasiistested the effects of a GPR40 agonist
the GW9508 on RANKL-induced osteoclastogenesis msodes shown by TRACP staining,
addition of RANKL induced giant multinucleated TRRE& cells formation (Fig2.A upper
line). In contrast, osteoclast number was dramlticeduced in wild-type bone marrow
GW09508 treated cultures as compared to controR(Bideft column). Regarding octeoclast
markers, RANKL-induced TRAP, CTR, MMP9 and CatK eegsions were down-regulated
in the presence of the GPR40 agonist, thus supgorMiRACP staining observations
(Fig.2.C).

To further analyze this hypothesis, experimentsewepeated in another model using
the RAW264.7 cells as a pre-osteoclast cell linelehoData obtained paralleled with bone
marrow cultures. In fact, although inhibition didtrreach TRACP staining observations in
bone marrow cultures, TRAP activity as measuredebgymatic assay was significantly
altered by GW9508 (Fig.3.B). Moreover, RANKL-inddcesteoclast marker expression was
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powerfully inhibited by GW9508, thus validating hothe hypothesis and the models
(Fig.3.C).

GPRA40 is required to mediate inhibition of osteoclstogenesis by GW9508

Despite the specificity of the GW9508 for the GPRé&6eptor, invalidation models
were analysed to fully investigate the involvemehthe receptor activation in modulating
osteoclastogenesis. Thus, as shown in figure 2,atsence of GPR40 in bone marrow
cultures obtained from GPR40-/- mice led to the plete abolition of GW9508 effects. In
this context, osteoclastogenesis parameters wateirkguced in the presence of RANKL as
demonstrated by both TRACP staining (Fig.2.A-B) aosteoclast marker expression
(Fig.2.C).

In RAW264.7 cells, GPR40 was partially knock-downeg shRNA interference
technologies. Inhibition of GPR40 was routinelyirastted around 60% as shown in figure
3A. Then, cells were tested for GW9805 influencéhie presence of RANKL. Interestingly,
results paralleled with the bone marrow culturethan overall inhibition of GW9508 effects
on osteoclastogenesis associated with the recdgtock-down (Fig. 3B-C). However,
regarding osteoclast markers expression, abolafd@W9508 effects was less effective with
the highest doses of 50uM (Fig.3.C).

Altered cell differentiation by GW9508 is not relaed to any impact on cell viability

To insure that GW9508 inhibition of osteoclastogemewas not related to
cytotoxicity, cultures were tested for cell viatyliin the presence of increasing doses of
GW9508. XTT analyses revealed that GW9508 did whthat significant toxicity within the
range of concentration used for all experimentdotyicity only became remarkable from
100puM in RAW264.7 cells thus supporting a speadfifect of the GPR40 agonist on cell
differentiation at 10 and 50 uM (Fig.4.A).

GW9508 down-regulates osteoclastogenesis by blooginRANKL-induced signaling
pathways

To further decipher molecular targets linking GPRA46tivation to osteoclast
differentiation inhibition, we haversted cell cukts for modulation of RANKL-induced
signaling pathways. The main downstream pathwayR&NK activation is the NkB
system. Interestingly, GW9508 abrogated RANKL-inetlipphosphorylation of IkB and IKK
(Fig.4.C) suggesting that GW9508 prevents fromudBFactivation, nuclear translocation and
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subsequent transcriptional activities. As a matikrfact, using RAW264.7 cell cultures

transfected with a luciferase construct under tbatrol of NF«B response-elements,

incubation with GW9508 in the presence of RANKL l&xd a drastic decrease luciferase
activity, thus further supporting a global inhibii of the NF<B pathway. GW9508 also

altered ERK1/2 phosphorylation (Fig.4.D). FurthereyoGW9508 abrogated the RANKL-

induced NFATc1l expression. Such inhibition did maturred when GPR40 was knock-
downed, thus strongly supporting a GPR40 dependenhanism (Fig.4.E).

GW9508 counteracts bone losis vivo in an ovariectomized mouse model

To further conclude with the potent bone protectffect of GPR40 agonist, mice
were ovariectomized to induce bone loss and werengorally GW9508 or DMSO control
vehicule to test whethein vitro results may translate to pre-clinical observatioAs
expected, ovariectomy significantly altered bonecroarchitecture and mineral density
(Fig.5.A-B). However, GW9508 was able to prevemnir OVX-associated bone loss thus
confirming the encouraging data obtainiedvitro. Taken together, it is very tempting to
speculate that observations may even translaténic.dn addition, data from uCT analysis
were reinforced by transcriptomic analyses exhbitia decrease in osteoclast markers
expression. In contrast, along with the rescuechgrenotype, OPG expression was restored
in the presence of the GPR40 agonist (Fig.5.C).ahother hand, analyses of body
composition revealed that GW9508 counteracted the nmhass gain associated with
ovariectomy without affecting lean body mass thostdbuting to further neutralize clinical
features associated with ageing and related b@se lo
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Figure 1. GPR40-/- mice exhibit an osteoporotic phenotypeMicroCT analysis of
left femurs from wild-type (WT) and GRP40-/- (KO)ica (n=11); B: Western blot analysis
of GPR40 expression in bone (tibia).
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Figure 2. Osteoclast primary cell cultures obtained froméaomarrow tissues. A and
B: TRAP staining wild-type (WT) versus GPR40-/- midKO). Cells were either
undifferentiated or treated with murine recombinB®NKL at the concentration of 50ng/ml
to induce osteoclast differentiation. In these coowls, cells were either incubated with
control vehicule (DMSO) or GPR40 agonist (GW9508ubl). C: Osteoclast marker
expression analyzed by real-time RT-PCR,; cells we@ed as described above (* p < 0.05).
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undifferentiated or treated with murine recombinB®NKL at the concentration of 50ng/ml
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expression analyzed by real-time RT-PCR; cells weated as described above (* p < 0.05).

176



Al

0,02 y Raw 264.7

T
0,016 1
E 0,012
o 0,008 #
]
0,004
0
DMSO GVW10 GWSED GW100
B.
C. 6h 24h
3500 (L] -
I —
PIKB = - e - — 3000 ] T

kB @@ e>ererdd oPuPaerED 2500
g 2000

1500

o
=
-~
"
|
RLU/ protein g

1000

T & 15 30 60 5 15 30 60 500
GWO508 (50 pM) mEm
RankL 0
T DMSO GW T DMSO GW
50 50
RL
D. E
*\ NFatet
.§ 25 1 * *
% If 5
DERK 12 T W — — — = 20
B B S
T T 5 10 6h s
=54
GWW9508 (50 i)

p =E=3
Ser Sh Scr Sh Scr Sh Ser Sh
DMSO GW10 GW5S0

RL

Figure 4. GPR40 agonist effects on RAW264.7 signaling pagswa: XTT viability
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Discussion / Conclusion

Besides their role in modulating inflammation paedens through metabolite
production, free fatty acids have recently beemauwkedged for directly binding membrane
bound receptors. In this light, GPR40 have beentified as a key partner. However, the
roles of such receptor at the body level are famfbeing fully determined. In this work, we
showed for the first time that bone cells not oelpress the receptor GRP40 at a protein
level but we further demonstrated its functionadityd its crucial role in osteoclast behavior
and subsequent bone remodeling.

Interestingly, our results further complete a poesgi study from Cornish et al.
showing an inhibitory effect of saturated fatty d=ci(C:14 to C:18) on osteoclastogenesis
(Cornish, MacGibbon et al. 2008). In their work leaurs showed expression of GPR40 and
most notably GPR120 at the mRNA levels in RAW26zklls and hypothesized a potent role
of these receptors in the saturated fatty acidsatestleffects. Along with this study, Oh et al.
recently demonstrated that GPR120 was responsiblenédiating DHA anti-inflammatory
impact when using the RAW264.7 cells in a macrophdifferentiation system (Oh, Talukdar
et al. 2010). Taken together, these data stronglselate with ours, confirming the relevant
interest of GPRs in mediating fatty acids effeatsbone cells. However, Oh et al. conclude
on a GPR40 independent effect due to the lack dR4BPexpression in their model. In our
hand, we found that GPR40 was not only expresti@atimiRNA level, but we confirm its
expression also at the protein level. This disanepanay result from both the heterogeneity
of the cell line and the experimental design. Injaa Oh’s study, RAW264.7 cells were
used in a macrophage differentiation protocol nmatttean an osteoclast differentiation
procedure. Moreover, consistently with the GPR4fice bone phenotype, ex vivo amd
vitro invalidation experiments, further demonstrated tBRR40 was required for mediating
GW09508 effects on cells. Therefore, our resultartyeenlighten the crucial role of GPR40 in
regulating osteoclast maturation and strongly suppohighly potent contribution of this
receptor in bone and lipid nutrition relationshipgwever, primary cultures using GPR40-/-
bone marrow cells showed greater evidence of GARvilvement in mediating GW9508
than data obtained from RAW 264.7 cells experimehitese results may originate from the
incomplete invalidation of the receptor in the chtie (60%), thus leading to a potent
activation of the remaining expressed GPR40.
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In another hand, GPR40-/- mice were invalidated @whole body level. Them vivo
bone phenotype may also result from GPR40 invatidaimpact on other organs that are
known to influence bone metabolism. As a matterfamt, GPR40 function was mainly
described from potentializing insulin secretiontie presence of long chain fatty acids in
pancreati@-cells (Latour, Alquier et al. 2007). Interestingigsulin is a bone anabolic agent
known to stimulate osteoblast function. Thus, onay speculate that pancreas lack of
GPR40 expression may decrease insulin secretiorttardfore contribute to the observed
osteoporotic features. In the same way, GPR40 jgesged in enteroendocrine cells and
mediates free fatty acid stimulation of incretircretion (Edfalk, Steneberg et al. 2008). In
return, incretins stimulate both insulin secretaond bone formation (Xie, Zhong et al. 2007)
(Yamada, Yamada et al. 2008) (Ding, Shi et al. 2008ken together, these data reinforce the
potent involvement of other organs interactionhv@iPR40-/- bone phenotype. Nevertheless,
as demonstrated by cell cultures experiments (pyiraad cell lines), GPR40 was expressed
and required in bone cells to mediate inhibitiorosteoclast differentiation in the presence of
a GPR40 agonist. These data perfectly correlatén whie osteoporotic phenotype of
invalidated mice and without excluding potent iedirinfluences, they strongly support the
fact that GPRA40 directly impact bone cells différaiion and functions.

GPRA40 is not the only receptor described for diyesinding long chain fatty acids
and share this ability along with Toll Like Recegtand Peroxysome Proliferation Activator
Receptors (Berger, Bailey et al. 1996) (Still, Gnabki et al. 2008) (Hwang 2001) (Shi,
Kokoeva et al. 2006) (Coenen, Gruen et al. 2009in@d and Smith). PPARhas been
extensively studied for its crucial role in menségmoal cells commitment and several groups
have speculated that PPARs stimulation by fattylsaghay control the switch between
adipocyte, myoblast and osteoblast differentiat{@mascro, Vogel et al. 1998) (Maurin,
Chavassieux et al. 2005) (Jeon, Kim et al. 200BARs influence on osteoclastogenesis was
investigated as well. However, PPARs effects oraxdaist remain controversial may depend
on PPAR type. In fact, osteoclastogenesis was faarze inhibited upon PPARactivation
(Chan, Gartland et al. 2007; Hounoki, Sugiyamal.e2@08), whereas antisense strategies for
PPARS/P revealed a pro-resorbing impact of these two iso$o(Mano, Kimura et al. 2000).
Considering PPAIRR Wan et al. uncovered a pro-osteoclastogenic teffieRPAR by using a
Tie2Cre/flox mouse model in which PPARS deleted in osteoclasts but not in osteoblasts
(Wan, Chong et al. 2007). Interestingly, PRARgonists such as thiazolidinediones and
rosiglitazone also stimulate GRP40 signaling patswa therefore inhibition of

osteoclastogenesis by PPARctivators may in fact result from an uninvestgalGPR40
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activation (Smith, Stoddart et al. 2009) (Gras, i@zaet al. 2009). Regarding osteoblasts, the
guestion remains. As a matter of fact, in conttasGPR40-/- mice, heterozygous PPAR
deficient mice were recently shown to exhibit erdegh bone formation with increased
osteoblastogenesis (Viccica, Francucci et al. 20I@ken together, these data suggest a
strong antagonism between PPA&d GPR40 in terms of impact on bone, thus chgithen
even more the determination of mechanisms linkimgeband lipids relationships.

Toll-like receptors (TLRs) are known to play a galgole in the immune response.
Interestingly, in bone tissues, Johson et al. tepothat mice deficient for TLR4 exhibit
increased bone size with increased bone minerdknbmand density (Johnson, Riggs et al.
2004). In parallel, TLR4-/- mice were protected iagh induced inflammation, increased
adiposity and insulin resistance upon enrichedratdd fatty acids diet (Coenen, Gruen et al.
2009) (Himes and Smith 2010). These data strightrast with ours, and suggest that TLR4
and GPR40 activation by fatty acids may stimulatenteracting signaling pathways. Indeed,
saturated fatty acids binding TLR4 at the cell scef of osteoclasts was demonstrated to
increase activation of NkB (Oh, Sul et al. 2009) an essential transcriptiactor for
osteoclast differentiation. In our hands, GW9508uted a GPR40-dependent inhibition of
the NF«B transcriptional activity that stringently correda with the GPR120-dependent anti-
inflammatory effect of DHA as demonstrated by Olalet(Oh, Talukdar et al. 2010). Taken
together, our data strongly suggest a potent inflatory role of GPR40 activation. Then, it is
very tempting to speculate that this potent arftaimmatory role of GPRs may either
contribute to anti-inflammatory effects @8 or counteract with pro-inflammatory potential of
long chain saturated ang metabolites (Wauquier, Barquissau et al. 2011).

Along with inflammatory parameters, body fat maspresents an additional risk
factor for both sarcopenia and osteoporosis. Thiea, reduction of fat mass gain upon
GW9508 treatment may contribute to further expldiow GPR40 may impact bone
remodeling. However, unlike invalidated modelsaddd not allow us to definitely exclude a
GPR120 contribution. Therefore, a similar experitnen now required using GPR40-/-
ovariectomized mice.

In addition, it would be of major interest to detéme whether modulation of fatty
acids quality may impact on GPR40 activation. Sp tfe literature data do not allow
distinguishing between different LCPUFAs in termf differential GPR40 binding and
activation. Such investigations are now requiredlétermine any preferential activation of
GPR40 by different fatty acids type. Taken togetiscembined data from our study and the

literature reveal the complexity the relationshijgtween bone metabolism and lipid intake
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thus requiring an integrated point of view. Moreguavestigations on osteoblastic cells are
now needed to fully determine GPR40 impact on lmmlls and lipids interactions.
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Sur la base de la littérature, il ne fait aucuntdajue les acides gras contenus dans la
fraction lipidique de l'alimentation peuvent module devenir du tissu osselfArticle 1 :
Fatty acids and bone)Les possibilités d’adaptation du squelette repbsar sa capacité a
intégrer des signaux locaux et systéemiques potajusser » aux besoins via le processus du
remodelage osseux. En paralléle, les acides gmtsusitisés de maniére ubiquitaire dans
I'organisme et peuvent donc potentiellement infiiegnla plupart des organes et systémes
biologiques. Au final, a I'échelle de I'organisnes acides gras peuvent aussi bien moduler
le remodelage du squelette de maniere directe issaa sur les cellules osseuses que de
maniéere indirecte en agissant sur d’autres organesnémes impliqués dans la régulation de

la physiologie osseug€ig.24).
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Figure 24 :Les interactions possibles entre acides grasset tisseux a I'échelle de
I'organisme
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Cette premiére observation révele a la fois I'imt@oce et la complexité des relations
existant entre les acides gras et le métabolisseuas Ainsi, la modulation, en quantité ou en
qualite, de la composition en acide gras du régienavoir un effet au niveau de I'os qui sera
la résultante de la modulation d’au moins une pai® ces différentes voies de régulation
potentielles.

Une analyse détaillée des données établies comtdesaeffets santés des AGPI de la
sous famille desw3, incluant notamment l'acide éicosapentaénoiquBAjEet I'acide
docosahexaénoique (DHA), révele un intérét toutiquailer de ces molécules dans la
prévention de la perte osseuse (Sun, Krishnan &08B) (Banu, Bhattacharya et al. 2010).
Ainsi, leso3 en quantités adaptées dans le régime sont sildespt' entrainer :

- une prévention, au cours de certaines formesegdithy des stéatoses rénales (Chin,
Fu et al. 2010) (Cappelli, Di Liberato et al. 193at) hépatiques (Kim, Lee et al. 2008)
(Tanaka, Sano et al. 2008) qui peuvent évoluer dess altérations graves de ces organes
associées a des perturbations du métabolisme osseux

- une prévention du dysfonctionnement et de I'apsptdes cellulef du pancréas
(Wei, Li et al. 2010) (Bellenger, Bellenger et &011) maintenant ainsi le signal
ostéoanabolique de l'insuline,

- une action anti-inflammatoire (Seki, Tani et 2D09) (Galli and Calder 2009)
permettant de limiter la production des facteursoa®s qui sont connus par ailleurs pour
favoriser la résorption osseuse,

- une amélioration de I'absorption intestinale d&cicm (Gilman and Cashman 2007)
et une augmentation de la sécrétion basale deimghrél niveau de I'estomac (Burghardt,
Kemmerer et al. 2010).

De fait, I'effet osseux des AGPI de la sous famidksw®3 impliquent probablement
plusieurs organes et systémes biologiques ce tustrdé parfaitement la complexité des
relations existant entre la nutrition lipidique let métabolisme osseux. Ainsi, si I'impact
bénéfique de ces acides gras sur le squeletteiastétabli notamment au travers d'études
cliniques et pré-cliniques, il est difficile de déniner quel (s) est (sont) le (s) mécanisme (s)
essentiel (s) impliqué (s) dans le processus.

Au cours d'une étude d’intervention pré-cliniquenslain modéle de progeria chez la
souris, nous avons pu associer la protection ossedsite par les3 a une réduction des
parametres inflammatoires osseux et systémiquesaileurs, I'acidey-linolénique connu
pour « mimer » les effets anti-inflammatoires de8 notamment par une perturbation

similaire de la voie de synthése des prostaglasdikepoor and Huang 2006) s’est avéré, au
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cours de cette étude, avoir les mémes effets lopresfi que lesn3 sur les parametres
inflammatoires et osseux. Ces résultats suggémnt dne importance toute particuliére de la
modulation du status inflammatoire dans la médmaties effets des acides gras sur I'os, au
moins dans ce modele de perte osseuse associe@iaillissement avanceé de I'organisme
(Article 2 : Borage and fish oils lifelong supplemgation decreases inflammation and
improves bone health in a murine model of senildexsporosis).

Par ailleurs, les effets directs des acides grasiaeau des cellules osseuses font
I'objet d’études de plus en plus nombreuses, cesam&mes vennant ajouter un niveau de
complexité supplémentaire au systeme. Ainsi, es geamoduler les régulations systémiques
du remodelage osseux, les acides gras peuventiagitement sur les cellules impliquées
dans le processus.

Dans ce cadre, nous nous sommes intéressés adiudleécepteur membranaire aux
acides gras a longues chaines dont nous avons mpanttér I'expression au niveau des
cellules osseuses : le GPR40. Le phénotype ostdtigpoe des souris invalidées pour ce
récepteur a permis de révéler le réle protectewreddernier pour I'os. Ce phénotype semble
lié a un réle inhibiteur de lactivation du GPR4Q@ aiveau des pré-ostéoclastes, sur
I'ostéoclastogénése induite par RANKL ce qui a ébservéin vitro et ex vivo Enfin,
I'activation in vivo du GPR40 par son agoniste administré par gavageep@e tempérer la
perte osseuse induite par ovariectomie chez lass(rticle 3 : The free fatty acid receptor
GPRA40 protects from bone loss through inhibition o$teoclast differentiation)

Ce travail suggere donc un nouveau mode d’intemadlirect entre les acides gras a
longues chaines et le métabolisme osseux via da@in du récepteur GPR40. Si la
corrélation entre le phénotype des souris invatidgides effets de I'agonista, vitro comme
in vivo, est excellente, il reste un certain nombre datpa éclaircir pour définitivement
valider ce mécanisme.

D’abord, comme évoqué dans la discussion de llarti8, on ne peut pas
complétement exclure a ce stade du travail, urt aftérect de I'invalidation du GPR40 via
ses conséguences sur un autre organe. En effapleis invalidées pour GPR40 le sont de
maniere totale et le GPR40 a déja été décrit comianat le médiateur de I'effet positif des
acides gras sur la sécrétion, par d’autres orgaleefgcteurs anaboliques pour 'os. En effet,
le GPR40 participe a la potentialisation par leglex gras de la sécrétion d'insuline en
réponse au glucose au niveau des cellglés pancréas (Latour, Alquier et al. 2007) ainsi
gu’a la sécrétion des incrétines par les celluissiinales (Edfalk, Steneberg et al. 2008).

Dans ces conditions, méme si nos résultats obtenugro suggerent fortement une action
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directe sur les cellules osseuses, seule la réalisd’'un modele de souris présentant une
abolition de I'expression de GPR40 spécifiquementigeau des cellules osseuses permettra

de définitivement valider I'importance de I'expriessde ce récepteur au niveau de I'os.

Du point de vue de la signalisation cellulaire,radtravail a permis de mettre en
évidence le fait que I'inhibition de la différentian ostéoclastique par le GPR40 est associée
a l'altération de la voie essentielle impliquée sldm processus, la voie NEB. Ainsi, les
phosphorylations des facteurs Inhibitor of NB{lx-B) et Ik-B kinase (IKK), nécessaires a la
transduction du signal sont inhibées par l'actoatidu GPR40 tout comme Iactivité
transcriptionelle NReB qui en découle. Cependant, les mécanismes pamhel relier, d’'un
point de vue moléculaire, l'activation du GPR40eéte inhibition de la voie NikB restent a
démontrer.

Les voies de signalisation induites par I'activatidu GPR40 ont a I'’heure actuelle
principalement été décrite au niveau de la celpuléd ce niveau, la protéine G couplée au
récepteur est majoritairement de typeq@et I'activation du GPR40 induit I'activation ¢ke
phospholipase C (PLC) qui est suivie par une auggtien du calcium intra cytoplasmique
dont l'origine serait principalement extracellutiet viendrait de l'activation de canaux
calciques de type L (LTCC) au niveau de la membmasmique (Fujiwara, Maekawa et al.
2005) (Shapiro, Shachar et al. 2005). De manigégaasante, il a été montré que I'activation
des LTCCs par un agoniste, au niveau de pré-osigtes| primaires de souris, induisait une
inhibition de la différenciation ostéoclastique uité par RANKL notamment en altérant la
voie NF«kB (Noh, Park et al. 2011). Par ailleurs, I'actieatides LTCCs dans ce modele est
eégalement associée a une réduction de I'expreshiofacteur de transcription NFATc1 ce
gue nous avons également observé en réponse aiegdu GPR40. En outre, le récepteur a
la calcitonine, un inhibiteur connu a la fois de ddférenciation et de l'activité des
ostéoclastes, peut également étre couplé a unéipedd de type Gqg (Del Fattore, Teti et al.
2008). En revanche, l'activation de la PLC et Issiltations du calcium intra cytoplasmique
qui laccompagne, sont classiquement connues paire fpartie du processus de
différenciation ostéoclastique induit par RANKL sbnt notamment important pour
I'expression de NFATcl (Hwang and Putney 2011). f&al, si ces données permettent
d’envisager I'implication de la voie de signalisaticlassique induite par le GPR40 dans la
médiation de I'effet inhibiteur du récepteur sudié&érenciation des ostéoclastes, cela reste

entierement a démontrer.
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Au-dela de cette voie habituellement décrite pairdPR40, une étude récente
conduite par Oh et al a montré que l'activationndautre GPR proche du GPR40 (le
GPR120, également récepteur membranaire des agidesa longues chaines) était capable
d’induire une altération de la voie NdB via un processus nettement moins standard. D&ans ¢
modéle, I'activation du GP120 par son ligand (eocdurrence le DHA) entraine son
intéraction avec I@-Arrestin 2 et son internalisation. Le complgkérrestin 2 / GPR120
peut ensuite interagir avec la protéine TAK1 BimdProtein 1 (TAB1) ce qui va empécher
I'intéraction normale de cette derniére avec lagne TGFB Activated Kinase 1 (TAK1) qui
ne pourra alors pas jouer son réle de maniéreagfficlans I'activation du facteur IKK et donc
du reste de la voie NkB (Oh, Talukdar et al. 2010). Comme beaucoup de GfFrak,
Ferguson et al. 1997), il est tout a fait envisateegue le GPR40 puisse intéragir avef-la
Arrestin 2, ce mécanisme représente donc une auti® moléculaire qui permettrait
d’expliquer I'effet inhibiteur du GPR40 sur la difenciation des ostéoclastes.

Au niveau de l'os, le GPR40 est exprimé par legadastes mais aussi par les
cellules responsables de la formation osseuseysiEmblastes. Nous avons pu montrer que
I'activation du GPR40, délétere a forte dose pauviabilité de précurseurs ostéoclastiques,
est sans effet sur celle de la lignée ostéoblastMG3T3-E1. Cette « toxicité » spécificique
est tout a fait cohérente avec I'effet ostéopretectu GPR4QFig 25). L'effet de I'agoniste
du GPRA40 sur la différenciation de cette lignéecasiastique a également été étudié. La
encore, ces expériences ont permis de suggérerffeh mositif du GW9508 sur la
différenciation ostéoblastique associé a une autatien de I'expression et de l'activité de la
phosphatase alcaline ainsi que de I'expressiotodibcalcine(Fig.26)

Test de viabilité (XTT)

Raw 264.7 MC3T3-E1(4)
0,02 0,012

0,01
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0,016 1
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DMSO GW10 GW50 GW100 DMSO GW10 GWA5H0 GW100

Figure 25 : Tmpact de I’agoniste du GPRA0 sur la viabilité cellulaire des lignées Raw264.7 (Ostéoclastique) et
MC3T3 - El (Ostéoblastique)
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Figure 26 : Effet de I’agoniste du GPR40 sur la différentiation ostéoblastique de cellules
MC3T3-E1 cultivées dans un milieu a-MEM +10% de sérum de veau fétal + Vitamine C + -
glycérophosphate.
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En revanche, le traitement de ces cellules paMO&08 semble altérer leur capacité
a former des nodules de minéralisat{big.27)

Analyse, par une coloration au rouge alizarine, de la capacité de minéralisation de
cellules MC3T3-E1 différentiées en présence de GW 9508

o-MEM + 10% SVF a-MEM + 10% SVF + vitamine C + B-glycérophosphate

Figure 27 : Effet mhibiteur du traitement par le GW 9508 sur la capacité de minéralisation des
cellules MC3T3-E1 différenciées pendant 21 jours

Contrairement a son action inhibitrice sur la ddficiation ostéoclastique, ces effets
de I'agoniste du GPR40 sur la différenciation atfivité des ostéoblast@s vitro, n’ont pas
été confirmén vivo et le gavage par le GW9508 s’est averé sanssffdes marqueurs de la
différenciation ostéoblastique chez la souris. &Heurs, la validation de I'implication du
récepteur GPR40 par I'étude de la réponse au GW#aA8 des cellules invalidées pour ce
récepteur n’a pas non plus été réalisée a ce fpuconséquence, ces résultats préliminaires
qui suggerent clairement que le réle osseux du GRR4se limite pas a son influence sur la
différenciation des ostéoclastes vont nécessitecatain nombre de confirmation avant de

pouvoir étre intégrés au modeéle.

Le récepteur GPR40 est donc un récepteur membeanai acides gras a longues
chaines dont l'activation semble clairement béng&figour le maintien de la masse osseuse
via une réduction de l'ostéoclastogénése. Si oaieske replacer ce réle du GPR40 dans un
contexte physiologique, il pourrait étre impliquénd un certain nombre de situations
biologiques ou une protection du squelette estcéssoa la disponibilité d'une grande
quantité d’acides gras et vice versa. Sur ce grande GPR40 pourrait contribuer a la relation

positive parfois observée entre quantité de tisiipeaix et densité minérale osseuse. Par
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ailleurs, 'augmentation de la résorption osseuss®eé a une restriction calorique (lhle and
Loucks 2004) pourrait également trouvée son origila@s une signalisation limitée de
GPR40. Enfin, de la méme facon, la diminution degeaux de résorption osseuse
consécutive au repas (Clowes, Hannon et al. 2@jayr(ason, Henriksen et al. 2002) serait
également susceptible de faire intervenir ce ré&cept

Cependant, I'impact d’'un acide gras sur une ceh@ee limite pas a I'activation d’'un
récepteur membranaire. D’abord, il existe plusigérepteurs membranaires dont l'activité
est modulée par les acides gras (GPR40, GPR12BlikeoReceptors (TLRsS)). De plus, de
par leur nature hydrophobe, les acides gras peuvanthir la membrane plasmique et
peuvent donc aussi bien agir a I'extérieur qu’'atérieur de la cellule. En intracellulaire, il
peut activer des récepteurs nucléaires comme lgsxy®me Proliferator-Activated
Receptors (PPARS), servir de substrat énergétigerir de substrat a la formation des
prostaglandines, participer a la génération denciéles, ou contribuer a modifications post-
traductionnelles de certaines protéines. La répasdelaire a un acide gras donné, va
dépendre de sa structure et sera donc la résuttastdifférents mécanismes qu’il aura induits
(Fig.28).

| GPR120

GPR4D

ModIification

Figure 28 : Les dilTérents modes d'aclion des acides gras au nivean cellulaire
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En conséquence, il apparait difficile de relier désations biologiques évoquées a la
simple activation du récepteur GPR40, d’autant gjus I'augmentation, ou la diminution
selon le cas, des acides gras présents dans ldativo n’a pas non plus été démontrée
comme étant le mécanisme causal de la modificationremodelage osseux dans ces
situations.

La pluralité des mécanismes potentiellement débkenpar les acides gras au niveau
cellulaire est a associer a celle des régulatigatemiques altérant le remodelage osseux et
modulées par ces mémes acides gras. Au final,Mplexité de ce systéme met en avant la
nécessité d’approches intégrées tenant comptendaximum de parametres afin de permettre
une meilleure compréhension des interrelationstaniss entre la fraction lipidique contenue

dans 'alimentation et le métabolisme du tissu vsse

La découverte de ce nouveau mode d’action des acidgras sur le remodelage de
'os est doublement intéressante en termes de vaisation présentant a la fois un

potentiel nutritionnel et thérapeutique.

Comme évoqué précédemment, les stratégies de pimnennutritionnelles de
I'ostéoporose sont en cours d'évolution. Pour pémmeleur bon développement, la
connaissance précise des mécanismes a loriginefiiEts santé de certains nutriments est
essentielle. Dans le cas particulier du GPR40télfgt nutritionnel direct de sa découverte
peut paraitre a priori limité en raison de sonvatibn par tous les acides gras a longues
chaines sans discrimination (Briscoe, Tadayyon.e20®3). En effet, il apparait difficile de
recommander une augmentation de la fraction lipieliqu régime alimentaire pour favoriser
la santé osseuse dans la mesure ou les régimedipigiigues sont classiquement associés a
un effet délétere pour le squelette (Parhami, Tietwal. 2001) (Xiao, Cui et al. 2010) (ainsi
que pour d'autres organes essentiels). D’aillewette ambiguité illustre de nouveau
parfaitement la complexité des relations entre excigras et os qui vont bien au-dela de
I'activation d’un récepteur sur les ostéoclastes.

De maniere intéressante, le GPR120, qui avaialerhent été décrit comme activé par
tous les acides gras a longues chaines a l'inst@RR40, a été récemment présenté comme
liant plus spécifiquement les AGPI de la sous ferdesw3 (Oh, Talukdar et al. 2010). Par
ailleurs, au sein de certaines études, le GPR46t €galement averé, dans certaines
conditions, capable de présenter une spécificité pertains acides gras a longues chaines en

particulier (Yonezawa, Katoh et al. 2004) (Hardi#CBige et al. 2005). Ces études suggéerent
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fortement que l'activation équivalente du GPR40 foais les acides gras a longues chaines
est une idée fausse mais ne permettent malheureos@as, par leur nombre limité et leur
manque de consensus, de déterminer une hiéramlaies ce contexte, identifier, s’ils
existent, les acides gras activant preférentielferieeGPR40 apparait comme une perspective
fondamental de ce travail.

Indépendamment de la nutrition, la découvertealedte osseux du GPR40 identifie
ce récepteur comme une cible tres intéressante lpodéveloppement de thérapeutiques
contre I'ostéoporose. En effet, comme en témoigr@évention de la perte osseuse observée
chez les souris ovariectomisées traitées avec riagp du GPR40, ['activation
pharmacologique de ce récepteur posséde un potdndie prometteur. Par ailleurs,
I'activation du GPR40 présente en paralléle unré@ttthérapeutique au niveau du pancréas ou
elle potentialise la sécrétion d’insuline en rémoas glucose et elle ne présente pas, en I'état
actuel des connaissances d’effets déléteres netdbteoutre, il est d’'ailleurs possible que le
GPRA40 soit déja utilisé depuis longtemps dans ioedahérapies de maniére involontaire. En
effet, les thiazolidinédiones et la rosiglitazogai sont utilisés pour leurs vertus préventives
du développement du diabéte de type 2 via l'acbwade PPAR, pourraient étre, en
parallele, des activateurs du GPR40 dans certaioeditions (Smith, Stoddart et al. 2009)
(Gras, Chanez et al. 2009). Ainsi, la potentialisatie la sécrétion d’insuline en réponse au
glucose par les thiazolidinédiones, observegitro commein vivo (Cavaghan, Ehrmann et
al. 1997) (Ohtani, Shimizu et al. 1996), pourraipliquer I'activation du GPR40.

De méme, d’'un point de vue osseux, ce manque dgfisfié pourrait expliquer les
résultats contradictoires obtenus dans la littéeatwoncernant I'effet de PPARet/ou de
certains de ses agonistes, sur la différenciatst@atlastique. En effet, si son rble activateur
de la différenciation des ostéoclastes a pu étse ani évidence via des études utilisant la
génétique de la souris (Wan, Chong et al. 200%),ag@nistes ont bien souvent été decrits
comme étant des régulateurs négatifs de ce pracdssdifférenciation (Okazaki, Toriumi et
al. 1999) (Yang and Lai 2010) (Chan, Gartland eR@07). Dans ce contexte, I'activation du
GPR40, et ses conséquences délétéres sur la ddigtien des ostéoclastes pourrait étre le

meécanisme a l'origine de ces ambiguités.
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Oxidative stress is characterised by an increased level of
reactive oxygen species (ROS) that disrupts the intracellu-
lar reduction-oxidation (redox) balance. Although initially
shown to be involved in aging, physiological roles for ROS
in regulating cell functions and mediating intracellular
signals have emerged. In bone tissues, recent studies
have demonstrated that ROS generation is a key modu-
lator of bone cell function and that oxidative status influ-
ences the pathophysiology of mineralised tissues. Here,
we review the crucial role of oxidative stress in bone
pathophysiology, and discuss the possibility that ROS
production might be a relevant therapeutic target under
certain conditions. Further studies will be needed to
investigate whether manipulation of the redox balance
in bone cells represents a useful approach in the design of
future therapies for bone diseases.

Oxidative stress — Dr Jekyll or Mr Hyde?

During the past decade, studies have linked oxidative
stress (Box 1, Figure 1) with the pathophysiology of almost
all organs. In fact, depending on their concentration, reac-
tive oxygen species (ROS) can either have beneficial or
deleterious effects on tissues.

Oxidative stress has been acknowledged as a major
contributor to the immune response [1]. Activation of
immune mechanisms is characterised by the establish-
ment of an inflammatory response and recruitment and
activation of immune cells leading to pathogen killing.
These processes widely involve the production of ROS
[2,3]. This local oxidative stress plays a pivotal role in
lymphocyte function. Following activation, lymphocytes
produce increased levels of ROS that participate in the
initiation and amplification of antigenic signals [4]. In
addition, recent studies report the crucial role of ROS in
dendritic cell maturation and related T-cell proliferation
[5,6], supporting the importance of oxidative stress in the
prevention of infectious diseases.

ROS have been broadly described to play roles in aging
and associated complications [7]. Indeed, with increasing age
many kinds of degenerative diseases can develop because of
oxidative stress. These pathologies include cancers, cardio-
vascular diseases, ischemia-reperfusion injury, arthritis,

Corresponding author: Wittrant, Y. (yohann.wittrant@clermont.inra.fr).

diabetes and neurological disorders [8]. Deleterious effects
of oxidative stress result from damage to cell structures and
dysfunction because of lipid and protein oxidations. In
addition, ROS alter mitochondrial and nuclear DNA integ-
rity by increasing the risk of mutations. When DNA repair
mechanisms are overwhelmed, cells undergo apoptosis or
necrosis, which can lead to tissue damage [9].
Accumulating evidence suggests that bone biology is
particularly affected by redox balance regulation and that
targeting ROS production in bone cells might be an import-
ant approach in the prevention of bone damage. Bone is a
dynamic organ with a well-regulated turnover to allow
bone tissue functions such as growth, locomotion, organ
protection or calcium/phosphate homeostasis. Bone remo-
delling is regulated by consecutive formation and resorp-
tion sequences supported by osteoblast and osteoclast
activities, respectively (Figure 2). Because osteoclasts
and immune cells such as macrophages and dendritic cells
share some common features, ROS production in bone cells
has also been investigated in relation to these activities.
Recent studies have examined the association between
ROS production and bone pathophysiology, contributing
to define the cellular and molecular basis of the biological

Glossary

Oxidative stress: the production of higher than normal levels of ROS that might
originate from the respiratory chain or other enzymatic complexes such as Nox
(Figure 1).

Osteoporosis: pathology characterised by decreased bone mass and altered
bone micro-architecture, leading to excessive skeletal fragility.

Bone remodelling: a dynamic, lifelong process of reshaping bone. Bone
remodelling results in adequate alternate sequences of bone resorption and
bone formation, allowing bone growth and tissue repair after injury.

Bone mineral density (BMD): refers to the quantity of mineral in bone tissues,
expressed in grams per square centimetres.

Osteoblast: a cell originating from mesenchymal stem cells. Osteoblasts are
responsible for the synthesis of bone matrix and are characterised by the
expression of differentiation markers such as RANKL, OPG, ALP, collagen and
Runx2.

Osteoclast: a multinucleated cell of haematopoietic origin that derives from
monocyte and macrophage precursors in the presence of RANKL. Osteoclasts
are characterised by TRACP activity, RANK and calcitonin receptor expression
and the ability to resorb bone.

Antioxidants: molecules that counteract oxidative stress, They might depend
on the activities of endogenous enzymes (catalases, peroxidases, SODs) or
exogenous molecules with antioxidant properties (mostly represented by
micronutrients from the diet, such as polyphenols and vitamins).

1471-4914/$ - see front matter © 2009 Elsevier Ltd. All rights reserved. doi:10.1016/j.molmed.2009.08.004 Available online xxxxxx 1
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Box 1. Oxidative stress and ROS

Oxidative stress results from the deregulation of the redox balance
in cells and tissues and is associated with an overall increase in
levels of ROS. ROS are mainly represented by the superoxide radical
anion (O, ), hydrogen peroxide (H,0,) and the hydroxyl radical
{OH') in cells. ROS are produced in cells at various sites including
the plasma membrane, mitochondria, endoplasmic reticulum and
cytoplasm. Several enzymatic complexes are responsible for ROS
production, including NADPH oxidase, cytochrome P450, xanthine
oxidase, monoamine oxidase, cyclo-oxygenase and lipoxygenase.
The largest amounts of ROS are produced in mitochondria by the
transfer of unpaired electrons from the respiratory chain to O,. This
results in O,  formation, which is then converted to H,0, by
manganese-dependent superoxide dismutase (MnSOD) in the
mitochondrial matrix and by Cu- and Zn-dependent SOD in the
cytosol. H,0, is detoxified by either catalase or glutathione
peroxidase activity [77].

activities of ROS. Here, we review the role of oxidative
stress in bone remodelling and disease.

Oxidative stress in the establishment of bone disease
ROS production is particularly involved in mineral tissue
homeostasis and contributes mostly to bone remodelling by
promoting bone resorption [10-15]. Recent observations
have also suggested that oxidative stress might be involved
in bone pathogenesis including osteoporosis, bone tumour
development, diabetes-induced bone complications and
joint inflammatory diseases (Table 1).

Osteoporosis

Numerous studies have provided evidence for the positive
correlation between oxidative and osteoporotic status (Box
2). Decreased bone mineral density (BMD), a general
feature of osteoporosis, was shown to be associated with

Trends in Molecular Medicine Vol.xxx No.x

higher oxidative stress index values and total plasma
oxidant status in osteoporotic patients [16]. Sendur et al.
recently confirmed this observation by showing a negative
correlation between plasma lipid oxidation and BMD
values in osteoporotic postmenopausal women compared
with a healthy group [17]. Clinical manifestation of osteo-
porosis mainly occurs in the aging population, with a
higher prevalence when associated with oestrogen
deficiency. In vivo experiments support the role of ROS
in age-related osteoporosis. In aging mice, both male and
female C57B1/6 mice showed decreased bone formation
rates, whereas ROS levels were upregulated [18]. In this
study, Almeida et al. pointed out that the observations
might rely on antioxidant defence failure and that the
same changes in oxidative stress were reproduced by
gonadectomy [18]. It is interesting to note that, besides
aging, ovariectomy induces oxidative stress in rat femurs
together with a decreased activity of antioxidant systems
[18,19]. These findings provide new insight into the role of
oestrogen deficiency during postmenopausal osteoporosis.

Oxidative stress status depends on the balance between
oxidant and antioxidant enzymatic activities. Catalase and
glutathione peroxidase are major antioxidant enzymes that
detoxify hydrogen peroxide. In postmenopausal women with
osteoporosis, catalase and glutathione peroxidase activity
were found to be lowered [20,21]. Accordingly, the treatment
of ovariectomised mice with pegylated catalase inhibits bone
loss [22], suggesting a crucial role for hydrogen peroxide in
postmenopausal osteoporosis. In parallel, the studies of
Jagger et al. and Almeida et al. confirmed that oestrogen
deficiency generates a lowering of thiol antioxidant defences
in rodent bone, leading to accelerated bone loss with aging
[18,23]. This failure of antioxidant defences against

Monoamine oxidase
Cytochrome P 450
Respiratory chain
Mitochondria

Cyclooxygenase
Cytochrome P 450
Endoplasmic reficulum

Xanthine oxidase

Lipoxygenase

Cyclooxygenase
Cytoplasm

TRENDS in Molecular Medicine

Figure 1. Cellular localisation of ROS production. ROS are produced in cells at various sites including the plasma membrane, mitochondria and cytoplasm. The largest
amounts of ROS are produced in mitochondria because of electron leaks in the respiratory chain. At the surface of the cell, NADPH oxidases transport electrons across the
plasma membrane to generate superoxide {(O,). Superoxide is unstable and so is rapidly converted to H,0, which can diffuse through the cell membrane.
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Figure 2. Bone remodelling and oxidative stress. In the presence of the receptor activator of NF-xB ligand (RANKL), expressed by osteoblasts and BMSCs, haematopoietic
precursors differentiate into multinucleated osteoclasts. RANKL binding to the receptor RANK at the surface of pre-osteoclasts stimulates cell fusion, activates resorption
capabilities and enhances cell survival. OPG, a decoy receptor for RANKL, prevents osteoclast differentiation. By degrading bone, osteoclasts create lacunae that are filled
with newly synthesised matrices by osteoblasts. As a result of oxidative stress this bone coupling is unbalanced, and bone formation by osteoblasts is reduced, whereas
osteoclast differentiation and activities and subsequent bone resorption are enhanced directly or indirectly through an increased RANKL production.

increased oxidative stress was shown to induce bone loss
through a tumour necrosis factor alpha (TNFa)-dependent
signalling pathway [23]. In addition, plasma level and
activity of superoxide dismutase (SOD), an enzyme that
converts the superoxide anion to hydrogen peroxide, were
negatively associated with lumbar BMD in humans
[20,24,25]. Taken together, these data support the possib-
ility that hydrogen peroxide has a deleterious effect on
bone health and highlight the importance of oxidative stress
in the development of osteoporosis. Therefore, it is tempting
to suggest that antioxidants should be investigated as
a potential approach for the treatment of age-related
bone loss.

Bone tumour development

Oxidative stress has been shown to be associated with
bone tumour development. Prostate cancer cells metasta-
sise to bone tissues and can cause secondary bone

tumours. Interestingly, patients with advanced but not
localised prostate cancer are subject to high levels of
oxidative stress [26]. However, glutathione (GSH)
depletion by buthionine sulphoximine sensitises Ewing’s
sarcoma family tumour cells to fenretinide-induced cell
death [27]. In addition, mitochondrial superoxide gener-
ation enhanced by thymoquinone, a phytochemical com-
pound, induces p53-independent apoptosis in human
osteosarcoma cell lines [28]. These data reveal a potential
conflict: on one hand increased ROS levels might be
involved in carcinogenesis, but on the other hand many
current chemotherapies used to treat bone tumours rely
on the ability of ROS to promote cancer cell apoptosis.
Therefore, although targeting ROS production might be a
relevant approach to investigate for treating bone tumour
establishment, the design of such strategies would also
need to investigate the potential effects on chemotherapy,
and should be considered with extreme caution.

Table 1. Relationships between oxidative stress and the development of bone disease

Bone pathology Observations

ROS involvement

Osteoporosis * | Bone formation rate

e | Bone mineral density

e | Serum osteocalcin level

¢ | ROS production [18]
e | Thiol antioxidant defences [18,23]

« | Total plasma oxidant status [16,80]

e | Plasma lipid oxidation [17,20,21]

» | Catalase and glutathione peroxidase activity [20,21]

» | Plasma level and activity of super oxide dismutase [20,24,25]

e Catalase gene polymorphism [81]

Bone tumours « Advanced prostate cancer

e | Oxidant status [26]

e Ewing's sarcoma

» GSH depletion sensitises tumour cells to fenretinide-induced
cell death [27]

Diabetes

» Streptozotocin-induced osteopenia

¢ | Oxidant status [30]

Joint inflammatory diseases e Rheumatoid arthritis

e 7 ROS in synovial cells [32,33]
« | ROS in senescent chondrocytes [34]

e Ankylosing spondylitis

- | Total oxidant status [36-38]
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Box 2. Osteoporosis

Osteoporosis is characterised by bone loss and excessive skeletal
fragility that leads to an increased risk of fractures. Clinical
manifestations include a decrease in BMD, bone cortical thickness
and bone trabecular number, inducing altered bone architecture and
impaired mechanical bone properties. In osteoporosis, bone loss
results from an imbalance between osteoclastic bone resorption
and osteoblastic bone formation activities and is positively corre-
lated with inflammatory and oxidative context. Osteoporosis mostly
affects elderly populations, with a high prevalence in postmeno-
pausal women [20,21,25,78]. This is a major concern for public
health systems as it results in disabilities and significantly affects
quality of life and life expectancy.

Diabetes-associated bone complications

Diabetes is associated with increased levels of oxidative
stress and an increased risk of fracture [29]. However, a
causal relationship between diabetes and bone loss has not
been shown. In vivo experiments demonstrate that strep-
tozotocin-induced diabetic mice exhibit osteopenia
together with increased levels of oxidative stress [30]. In
addition, the treatment of osteoblastic cells (MC3T3) with
metformin, an insulin-sensitising drug, prevents the
damage caused by advanced glycation endproducts
(AGE)-induced oxidative stress by blocking the upregula-
tion of AGE receptors [31]. Thus, further studies of the role
of oxidative stress and the potential relationship between
altered bone health and diabetic status are needed.

Joint inflammatory diseases

Rheumatoid arthritis (RA) is the most studied model of
joint inflammatory diseases. It is characterised by a loss of
cartilage and enhanced bone resorption that mainly occurs
in knee and hip articulations. Gene expression profiles
suggest that oxidative stress mechanisms are enhanced
in synovial cells during RA [32]. These findings were
confirmed by cellular ROS measurements and suggest that
synovial cells generate oxidative stress, supporting RA
establishment [32]. In synovial fluid from patients with
osteoarthritis, increased ROS levels were shown to stimu-
late vascular endothelial growth factor (VEGF) and vas-
cular endothelial growth factor receptor 1 and 2 (VEGFR-1
and -2) expression, leading to cartilage degradation
through the induction of matrix metalloproteinase activi-
ties [33]. These data are consistent with the hypothesis
that chondrocyte senescence is driven by oxidative stress.
Indeed, articular chondrocytes exhibit an age-related
decline in proliferative and synthetic capabilities while
maintaining the ability to produce proinflammatory
mediators and matrix-degrading enzymes [34].

Besides RA, prosthetic loosening results from bone
resorption induced by wear and debris particles generated
from artificial joint articulations. Using synovial fibro-
blasts cultures, Wei et al. demonstrated that titanium
particles are responsible for stimulating cyclo-oxygenase
2 (COX-2) expression through an oxidative stress-induced
pathway [35]. In parallel, patients suffering ankylosing
spondylitis, a bone inflammatory disease localising in the
lower part of the spine, showed an increase in total oxidant
status, including advanced oxidation of protein products
and lipid peroxidation [36-38]. Accordingly, these studies
support a role for oxidative stress in mediating local
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inflammation and enhancing bone resorption, leading to
prosthetic failure, pain and ultimately increased morbid-
ity. It would be interesting to investigate whether ROS
production and oxidant status might be useful as predic-
tive biomarkers in bone pathology. Such studies might also
provide insight into the basic mechanisms underlying
oxidative stress in bone biology and disease.

Oxidative stress in bone remodelling

As described above, a large body of emerging evidence
indicates a negative correlation between ROS production
and bone health (Figure 2). Bone tissues are constantly
remodelled to allow growth and mineral homeostasis. Bone
remodelling results from the close communication and
balance between osteoblast and osteoclast activities (bone
coupling), which leads to either bone formation or bone
resorption, respectively. The roles of ROS in promoting
bone diseases have mainly been investigated by assessing
the effects of the superoxide anion and hydrogen peroxide
on bone cell function and bone remodelling.

Bone resorption

In 1990, Garrett et al. first described the relationships
between oxygen-derived free radicals, particularly the
superoxide anion, and the formation and activation of
osteoclasts [15]. These findings were confirmed by Lee
et al. in 2005. They demonstrated that the receptor acti-
vator of nuclear factor-kappaB ligand (RANKL)-induced
osteoclastogenesis requires ROS production, using bone
marrow (BM) precursor cells as an osteoclast differen-
tiation model [13]. Similarly, glutathione peroxidase 1
(Gpx1) is the main antioxidant enzyme expressed in osteo-
clasts and is responsible for the degradation of hydrogen
peroxide. Its overexpression in the osteoclastic cell line
RAW264.7 prevents RANKL-induced osteoclastogenesis
[22], suggesting a crucial role for hydrogen peroxide in
osteoclast formation. These authors demonstrated that
17B-estradiol stimulates Gpx1 expression in BM-derived
osteoclasts and that oestrogen deficiency was a key step in
the ROS-mediated stimulation of TNFu expression, lead-
ing to enhanced osteoclastogenesis and bone resorption
[39].

Furthermore, patients with hyperhomocysteinemia
showed a higher risk of developing osteoporosis and bone
fractures. Interestingly, in mouse BM cells, the intracellu-
lar generation of ROS was found to be mediated by homo-
cysteine treatment. In addition, compared with controls,
homocysteine-treated cultures exhibited enhanced levels
of osteoclast differentiation and activities, supported by a
higher number of tartrate-resistant acid phosphatase
(TRACP)-positive multinucleated cells with increased
numbers of nuclei per cell, stimulation of actin ring for-
mation and upregulation of integrin beta3 mRNA levels
[12].

In diabetes, hyperglycaemia is associated with enhanced
ROS generation in endothelial cells and altered bone metab-
olism. In contrast to endothelial cells, osteoclast precursors
incubated with high concentrations of D-glucose inhibited
ROS production through a metabolic pathway and were
prevented from RANKL-induced osteoclast formation
[14]. Taken together, these studies indicate that ROS impact
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Box 3. Molecular basis of coupling in bone remodelling

RANKL, a member of the tumour necrosis factor (TNF) cytokine
family, has been shown to both activate mature osteoclasts and
mediate osteoclastogenesis. Within the bone system, RANKL is
expressed by osteoblast lineage cells and exerts its biological effect
by binding to the RANK receptor at the surface of osteoclasts.
Osteoprotegerin (OPG), is produced by osteoblastic/stromal cells
and acts as a decoy receptor for RANKL, preventing it from binding
to and activating RANK on the osteoclast surface. Thus, the
biological effects of OPG on bone cells include the inhibition of
terminal stages of osteoclast differentiation, suppression of the
activation of mature osteoclasts and induction of apoptosis
[40,41,79].

bone resorption by directly promoting osteoclast formation
and activity.

Bone formation/resorption coupling
The molecular triad of osteoprotegerin (OPG), the receptor
activator of nuclear factor-kappaB (RANK) and the recep-
tor activator of nuclear factor-kappaB ligand (RANKL)
plays a crucial role in bone remodelling and functions as
a pivotal molecular link for osteoblast and osteoclast
coupling [40,41] (Box 3, Figure 2). In the human osteo-
blast-like MG63 cell line, primary mouse bone marrow
stromal cells (BMSCs) and calvarial osteoblasts, increased
intracellular ROS levels (H505 or the xanthine/xanthine
oxidase-generated superoxide anion) were shown to stimu-
late RANKL mRNA and protein expression. These data
strongly support the involvement of ROS such as HyO; or
the superoxide anion in bone loss-related diseases by
stimulating osteoclast differentiation and bone resorption
[10].

In ovariectomised mice, increased production of TNFq,
a cytokine that promotes osteoclast differentiation, was
observed in BM in response to both oxidative stress and T-
cell activation. This effect might contribute to the mech-
anisms underlying bone loss during menopause [42]. More
recently, using osteoclast precursors from BM and osteo-
blast/pre-osteoclast co-culture, Chen et al. found that etha-
nol-induced RANKIL expression relies on increased
intracellular levels of ROS through enhanced NADPH
oxidase activity [43]. These data provide new insights into
the potential sources of ROS that promote bone cell com-
munication and reveal that even indirectly, through
RANKL expression by osteoblasts, the superoxide anion
and hydrogen peroxide support osteoclast differentiation
and subsequent bone resorption.

Bone formation

Bone loss can result either from enhanced osteoclast bone
resorption or decreased osteoblast bone formation. Despite
its influence on the stimulation of RANKL expression in
osteoblasts, recent investigations of the role of HyO» in
osteoblast activities have demonstrated an overall inhi-
bition of cell differentiation. In 2004, Liu et al. showed that
hydrogen peroxide induced oxidative stress and sup-
pressed the osteoblastic differentiation process in primary
mouse BMSCs. This inhibition of cell differentiation was
characterised by a reduction in alkaline phosphatase
(ALP) activity, a key enzyme involved in mineral apposi-
tion. The presence of metallothionein, a ROS inhibitor,
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restored cell differentiation, suggesting a crucial role for
oxidative stress in the inhibition of osteoblastic differen-
tiation [44]. Subsequently, Bai et al. confirmed that similar
levels of Hy05 induced oxidative stress and suppressed
osteoblastic differentiation of primary rabbit BMSCs [45].
In this study, HsOs-treated osteoblasts exhibited a
reduction in levels of differentiation markers including
ALP, type I collagen, colony-forming unit-osteoprogenitor
(CFU-0O) formation, and nuclear phosphorylation of the
transeription factor Runx2. More recently, the relationship
between the antioxidant system and bone formation was
examined in MC3T3-E1 cells. When incubated with HyO5,
mineralisation levels were diminished and gene expression
of the osteogenic markers Runx2, ALP and bone sialopro-
tein was decreased [46].

Apart from affecting the differentiation process, ROS
also influence osteoblast lifespan. Glutaredoxin 5 (Grx5) is
a highly expressed protein in bone that might play a role in
ROS protection. When overexpressed, Grx5 prevents ROS
production and protects osteoblastic cells from ROS-
induced apoptosis through a mechanism depending on
manganese superoxide dismutase activity (MnSOD) [47].
Conversely, ROS are believed to be involved in chondrocyte
hypertrophy, a crucial step for the longitudinal growth and
development of long bones. This hypothesis is supported by
in vive and in vitro experiments, demonstrating that treat-
ment with N-acetyl cysteine enhances endogenous antiox-
idant levels and protects cells from oxidative stress,
thereby promoting chondrocyte proliferation while inhibit-
ing hypertrophy [48]. Therefore, in contrast to what is
observed in osteoblast cells, ROS seem to stimulate chon-
drocyte terminal differentiation and promote endochon-
dral ossification.

Taken together, these data demonstrate that ROS not
only directly promotes osteoclastogenesis but also supports
bone loss by inducing apoptosis and the decreased differ-
entiation and activities of osteoblasts while stimulating
RANKL-induced osteoclast formation. Thus, by affecting
both cell types as well as bone cell communication, oxi-
dative stress seems to be of major importance in bone cell
function. These findings also suggest that targeting the
development of oxidative stress and the design of potential
antioxidant strategies for the treatment of bone diseases
should be investigated.

Molecular redox mechanisms in bone cells
Understanding the mechanisms by which ROS or oxidative
stress might modulate intracellular signalling pathways in
bone cells is essential for identifying potential molecular
targets for manipulation of cellular redox status.

Sources

Redox homeostasis is crucial for many cell functions. In
particular, oxidative stress is involved in altered gene
expression caused by the deregulation of redox-sensitive
transeription factor activities. Oxidative stress results
from the excessive production of ROS that can originate
from less well-regulated oxidative energy metabolisms in
the mitochondrial electron-transport chain (due to electron
leak in the respiratory chain) or can be generated at the
surface of the cells by enzymatic complexes such as
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NADPH oxidases (Nox) [49]. Previously, NADPH oxidase
activities were only considered to produce superoxide
anions (0%) in phagocytes. Recently, however, several
homologues were found in different tissues, suggesting
an important role for Nox in inducing oxidative stress in
many cell types including bone cells [50]. Indeed, Nox-1, -2
and -4 were found to be expressed both in osteoclast
precursors and stromal osteoblasts [13,43].

General mechanisms

ROS play an important role as regulatory mediators in
signalling processes. For a given signalling protein, an
oxidative attack induces a loss of function, a gain of func-
tion or a switch to a different function. Superoxide anions
produced in the extracellular space are unstable and are
converted into more stable hydrogen peroxide (H;O,)
[4,51]. HyOg is neutral and can diffuse through cell mem-
branes to oxidise cysteine-rich regions in cytoplasmic
proteins [4]. ROS are also known to be involved in mod-
ulating tyrosine kinase phosphorylation pathways either
directly by stimulating tyrosine kinase receptors or
indirectly by inhibiting tyrosine phosphatases [4,52,53].
This mechanism has been well characterised for the insu-
lin receptor [52].

In bone, Hy05 has been shown to oxidise those proteins
involved in cell differentiation and modulate their activity,
either by inhibition or stimulation. Among the redox-sen-
sitive signalling pathways involved in bone cell differen-
tiation, mitogen-activated protein kinases (MAPKs), Wnt/
B-catenin and nuclear factor-kappaB (NF-«B) are the most
studied (Figure 3).

Mitogen-activated protein kinases

MAPKSs have important roles in cell proliferation, differ-
entiation and apoptosis. Therefore, extracellular signal-
regulated kinase (ERK1/2), p38 and c-Jun N terminal
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kinase (JNK) activities have been studied under conditions
of oxidative stress. In 2005, Lee et al. showed that osteo-
clast differentiation stimulated by RANKL was mediated
by ROS production and the subsequent activation of JNK,
p38 and ERK1/2. These data were supported by studies of
inhibition of ROS production using Nox-1 RNAi (RNA
interference) in a primary osteoclast precursor cell model
of BM macrophages [13], and suggested that the super-
oxide anion generated by Nox-1 is involved in osteoclast
formation. In primary osteoblasts and BMSCs, treatment
with Hz0; stimulates ERK1/2 phosphorylation as well as
phospholipase C-yl and ERK-dependent NF-kB acti-
vation, resulting in impaired osteoblastic differentiation
[45]. Recently, Chen et al. reported the involvement of Nox
enzymes in ethanol induction of ERK phosphorylation and
nuclear translocation. They demonstrated that inhibition
of Nox enzyme activity abolished ERK activation and
prevented the stimulation of RANKL expression in mouse
stromal osteoblasts [43]. These data are consistent with
the study from Bai et al. showing that induction of RANKL
expression by ROS was mediated through ERK activation
[10].

Whnt/B-catenin

Wnts are secreted lipid-modified proteins known to bind
their cognate receptor and co-receptor, Frizzled and LRP5/
LRPS6, respectively. These molecules are widely involved in
bone formation and osteoblast functions. Wnt signalling
promotes the accumulation of B-catenin in the cytoplasm
by preventing its proteosomal degradation. Once translo-
cated into the nucleus, B-catenin is involved in the stimu-
lation of osteoblastic markers, thereby promoting osteoblast
differentiation [54]. In conditions of oxidative stress, as
occurs with aging or oestrogen deficiency, ROS production
is increased and proteins such as p53 and p66shc are
phosphorylated [18,55]. Most notably, activation of the

I Osteoclastogenesis

TRENDS in Molecular Medicine

Figure 3. ROS modulation of signalling pathways in bone cells. ROS promote bone loss by inhibiting osteoblast differentiation and enhancing osteoclastogenesis. ROS-
induced bone resorption occurs directly or indirectly (increased RANKL expression) through the modulation of kinases and transcription factor activities in both osteoclasts

and osteoblasts.
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adapter protein p66shc by oxidative stress promotes the
association between Forkhead box-O (FOXO) transeription
factors and B-catenin. Thus, by diverting the pool of -
catenin, ROS inhibit Wnt-induced osteoblastic gene expres-
sion and can play a role in causing increased osteoblast and
osteocyte apoptosis [54].

Nuclear factor-kappaB

RANKL binds to its cognate receptor RANK to induce
NF-«kB activation, leading to osteoclast differentiation,
activation and maturation. Therefore, interactions be-
tween ROS and NF-kB have been investigated. Alpha-
lipoic acid (LA), a strong antioxidant, was found to sup-
press RANKL-induced osteoclastogenesis from BM-
derived precursor cells. This phenomenon was mediated
through the inhibition of ROS production and NF-«B
activation in osteoclast precursor cells. Specifically, LA
reduced DNA binding of NF-kB but did not inhibit inhibi-
tory kappaB kinase (IKK) activation [56]. In addition,
pretreatment of osteoclasts with the antioxidants N-
acetyl-l-cysteine and GSH reduced RANKL-induced
NF-kB activation. However, in this case, the reduced
NF-kB activity was associated with decreased IKK
activity and IkB-a phosphorylation [11]. These data pro-
vide evidence that ROS play an important role in osteo-
clast differentiation through NF-«B regulation. In
osteoblasts, the addition of exogenous metallothionein
impaired HyOs-stimulated NF-kB signalling and pre-
vented the hydrogen peroxide-induced inhibition of osteo-
blastic differentiation of primary mouse BMSCs [44].
More recently, high D-glucose concentration was shown
to prevent RANKL-induced osteoclast formation by inhi-
biting NF-«kB activity through an antioxidative mechan-
ism, suggesting that high glucose levels might alter bone
turnover by decreasing osteoclast differentiation and
function in diabetes [14].

Other signalling pathways: ATF, CREB and HSF
Besides MAPKs, Wnt and NF-«kB, other signalling path-
ways have also been shown to be regulated by ROS. As
described for ERK, Chen et al. showed that activating
transcription factor 3 (ATF-3) contributed to increased
gene expression of RANKL in mouse osteoblasts following
the stimulation of NADPH oxidase activity and ROS pro-
duction by ethanol [43]. Further analysis by Bai et al.
revealed that ROS promote phosphorylation of cAMP
response element-binding protein (CREB)YATF-2 and its
binding to the CRE domain in the murine RANKL promo-
ter region. Moreover, using protein kinase A (PKA) inhibi-
tor KT5720 and CREB1 RNAi transfection, the PKA-
CREB signalling pathway was shown to be necessary for
the ROS stimulation of RANKL expression in mouse osteo-
blasts. However, in human MG63 cells, ROS promoted
heat shock factor 2 (HSF2) binding to the heat shock
element in the human RANKIL promoter region, but
PKA activation was not required for this, as revealed by
KT5720 treatment and HSF2 RNAi experiments [10].
These data provide some explanation for the imbalance
between osteoblast and osteoclast activities during aging
and increased oxidative stress leading to altered bone
health.
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Among the ROS, the superoxide anion and hydrogen
peroxide are predominantly implicated in interfering with
osteoclast and osteoblast signalling, respectively. In con-
ditions of oxidative stress, many key pathways involved in
bone cell proliferation, differentiation and apoptosis are
affected. Each pathway represents a potential therapeutic
avenue, and suggests further studies for the design of
antioxidant strategies to prevent excessive bone loss.

Prevention of redox-associated bone disease

Because of the crucial roles of ROS and oxidative stress in
bone turnover, interest in the use of antioxidants in poten-
tial treatments for osteoporosis and bone inflammatory
diseases has increased. Different experimental protocols
have been studied using either pharmacological or nutri-
tional approaches.

Current treatments for osteoporosis

Hormone replacement therapy (HRT) has shown clear
benefits for bone health in postmenopausal osteoporotic
women. In vitro experiments have indicated the possible
underlying mechanisms. Pretreatment of osteocyte cell
lines with 17p-estradiol resulted in the inhibition of
H50s-induced apoptosis and correlated with a decrease
in intracellular ROS production [57]. In postmenopausal
women, lower catalase activity was observed; treatment
with raloxifene, a selective oestrogen-receptor modulator
(SERM), was shown to correct catalase activity and reduce
oxidative status [21], as demonstrated by decreased
protein carbonyl levels in the serum [58]. However, a
higher prevalence of thromboembolic events, uterine and
breast cancers has also been reported for HRT [59].

Nutritional approaches
Epidemiological studies have provided evidence of a link
between nutrient, antioxidant intake and bone health,
and have led to investigations of the antioxidant proper-
ties of nutrients. When fed with grapefruit pulp, orchi-
dectomised male rats showed higher antioxidant status
and improved bone density [60]. Polyphenols, a major
antioxidant component in grapefruit, are the most abun-
dant antioxidants in the diet and are widespread constitu-
ents of fruits, vegetables, cereals, dry legumes, chocolate,
tea, coffee and wine. Experimental studies in animals or
cultured cell lines have supported roles for polyphenols
in the prevention of cardiovascular diseases, cancers,
neurodegenerative diseases, diabetes or osteoporosis
[61]. Green tea polyphenols were reported to prevent
ovariectomy-induced bone loss in female rats by inhibiting
a decrease in glutathione peroxidase activity [62].
Myricetin, a naturally occurring flavonoid, was reported
to prevent oxidative damage in osteoblastic MC3T3-E1
cells [63], and grape seed proanthocyanidin extract
decreased ROS production in lipopolysaccharide-stimu-
lated murine osteoclast-like cells [64]. In addition, quer-
cetin, a plant-derived flavonoid, was found to be protective
against gestational oxidative stress-related bone damage,
supporting a potential benefit of antioxidant nutrients in
bone pathophysiology [65].

Besides polyphenols, pigments such as lycopene, pre-
sent in red tomatoes, have also exhibited health benefits
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from their antioxidant properties. Recently, a cross-sec-
tional study of 33 postmenopausal women showed that
high lycopene consumption was associated with a low
serum concentration of N-telopeptide of collagen type 1
(NTx) and lower serum protein oxidation, suggesting a
decrease in ROS-induced bone resorption [66].

In addition, lipids are not only targets for ROS but also
have a protective effect in bone tissue. Mice fed with fish oil
are protected from ovariectomy-induced bone loss because
of the inhibition of osteoclastogenesis. In fish oil-fed mice,
plasma omega-3 fatty acid concentration was significantly
increased compared with omega-6 fatty acids. These find-
ings are consistent with in vitro studies; selected n-3 fatty
acids (docosahexaenoic acid and eicosapentaenoic acid)
were demonstrated to cause a significant decrease in
TRACP activity and TRACP+ multinuclear cell formation
from BM cells compared with selected n-6 fatty acids
(linoleic acid and arachidonic acid) [67]. Interestingly,
arachidonic acid, an omega-6 fatty acid found in high
proportions in western diets, was shown to be an effective
activator of ROS production. By contrast, eicosapentaenoic
acid and docosahexaenoic acid reduced superoxide pro-
duction catalysed by the NADPH oxidase in neutrophils
[68]. The antioxidant effects were more pronounced with
increasing carbon chain length and polyunsaturation [68].
However, whether prevention of bone loss by omega-3 fatty
acids involves the inhibition of ROS production remains to
be determined.

In other studies, collagen-induced arthritis in mice was
shown to be associated with an increased intracellular
ROS production in lymphocytes from inguinal lymph
nodes, together with inflammatory cytokines. Treatment
with LA decreased ROS production and inflammatory
properties, and suggested a role for LA in the antioxidant
prevention of inflammatory joint diseases [69]. In
addition, pretreatment with LA inhibited both TNFa-
and Hs0s-induced intracellular ROS production and
oxidative stress-associated apoptosis of human BM stem
cells [70].

Recently, a study of the relationships between vitamin E
serum concentration (in the form o-tocopherol), oxidant
status and BMD was conducted in elderly men. Vitamin E
is a fat-soluble vitamin that can scavenge peroxyl radicals.
The authors demonstrated a positive correlation between
a-tocopherol serum concentration, low urinary 8-iso-
PGF2a (an in vivo biomarker of oxidative stress) and
higher BMD [71].

Taken together, several studies have provided support
for nutritional approaches to antioxidant strategies for the
prevention of bone loss. However, despite some epi-
demiological evidence, clinical studies of antioxidant
supplementation in established diseases have so far been
inconclusive overall [72].

Concluding remarks

In this review, we have considered several key questions:
what is the importance of oxidative stress in bone tissue
function? What are the underlying mechanisms of oxi-
dative stress in bone tissue? And could oxidative stress
be a relevant target in the design of new therapeutic
approaches for bone diseases?
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Clinical studies have determined a positive correlation
between plasma oxidant status and bone disease develop-
ment, most notably in pathologies inducing bone loss, such
as osteoporosis. In vivo and in vitro experiments have
shown that oxidative stress affects both osteoclastic and
osteoblastic cells. In both cases, the effect of oxidative
stress seems to be bone loss. Indeed, ROS was shown to
promote osteoclast resorption either directly, by mimicking
RANK signalling and stimulating osteoclast differen-
tiation, or indirectly, by stimulating osteoblast/osteoclast
coupling and subsequent osteoclast differentiation sup-
ported by RANKL expression. Several groups have demon-
strated the involvement of ROS in modulating redox-
sensitive signalling pathways that play major roles in bone
cell differentiation, including MAPK activation, B-catenin
and NF-«B activity.

In this context, the design of antioxidant-based strat-
egies to prevent bone loss would be of major interest. For
the elderly, such strategies could strongly impact morbid-
ity and mortality, as well as the social and economic burden
associated with osteoporosis. In addition, the importance of
bone resorption in the establishment of bone metastasis in
breast and prostate cancers has been reported [73]. In this
study, a vicious cycle contributing to tumour progression
was described in which cancer cells promote RANKL
expression and stimulate osteoclast resorption. It was
suggested that the resulting release of growth factors from
bone matrix degradation can create a favourable environ-
ment, leading to tumour cell establishment. Inhibition of
osteoclastic activities using antioxidant approaches might
prevent this vicious cycle and the establishment of sub-
sequent bone metastasis.

It would be interesting to investigate whether antiox-
idant intervention could define a universal strategy for the
treatment of different bone diseases. This is not a simple
hypothesis to test. Most primary bone tumours such as
osteosarcoma are highly malignant and current treat-
ments rely on chemotherapies. Despite the involvement
of oxidative stress in carcinogenesis, the aim of some
chemotherapies is to induce ROS production in rapidly
dividing cells and promote subsequent apoptosis of cancer
cells [27,74,75]. Thus, an antioxidant strategy might not be
relevant and might even be deleterious for the treatment of
such diseases. However, several groups have recently stu-
died the potential of micronutrients with antioxidant capa-
bilities in reducing the side effects of chemotherapies
[75,76]. Interestingly, they demonstrated in mouse models
that astaxanthin and ebselen attenuate cyclophospha-
mide-induced genotoxicity in normal cells. Their results
suggest that antioxidant approaches might be relevant to
avoid the development secondary cancers associated with
chemotherapy treatments.

Further studies will be needed to investigate whether
antioxidant treatment strategies might be beneficial or
detrimental to bone health. The answer might depend on
the type of bone disease targeted, and the timing of such
approaches might also be relevant, for instance, before bone
tumour establishment or after chemotherapy. Current data
suggest that antioxidant strategies might be beneficial to
bone health if they are considered as approaches to prevent
bone loss and its associated morbidity and mortality. In this
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case, the long-term influence of an antioxidant-rich diet
could be of great interest. Finally, manipulation of the redox
balance in bone cells is clearly a potential approach that
should be investigated for the treatment of bone disease.
However, further studies of the cellular and molecular
mechanisms underlying the relationship between oxidative
stress and bone health will first be needed.
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MOTS CLES Résumé La prévention nutritionnelle de |’ostéoporose associant classiquement calcithéra-
Vitamine K ; pie et supplémentation en vitamine D doit évoluer vers de nouveaux concepts qui intégrent le
Santé osseuse ; potentiel exercé par certains nutriments et microconstituants, tout en respectant les grands
Supplémentation équilibres. Parmi les nutriments d’intérét pour la santé osseuse, la vitamine K occupe une

place privilégiée. Le terme de vitamine K regroupe, en fait, plusieurs composés liposolubles
dont la phylloguinone (vitamine K;) présente dans les végétaux, les ménaguinones (vitamines
Kz) d’origine bactérienne et donc retrouvée dans les produits fermentés. La vitamine K joue
un role fondamental dans la conversion post-translationnelle des résidus glutamates en y-
carboxyglutamates d’un certain nombre de protéines dont |’ostéocalcine impliquée dans la
régulation du processus de minéralisation et donc du capital osseux. Pourtant la carence en
vitamine K est relativement fréquente, au moins dans certaines tranches de la population. Par
conséquent, compte tenu de "importance de la vitamine K pour le capital osseux, il convient
d’étre vigilant au respect des recommandations nutritionnelles. Toutefois, méme si les risques
induits par une consommation élevée de vitamine K apparaissent mineurs, compte tenu du
nombre important de personnes sous AVK dans la population générale, une supplémentation
systématigue n’est pas recommandée.

© 2009 Société francaise de nutrition. Publié par Elsevier Masson SAS. Tous droits réservés.

KEYWORDS Summary  Nutritional prevention of osteoporosis based on calcium and vitamin D must imple-
Vitamin K; ment new strategies which take into account the bone-building properties exhibited by some
Bone health; nutrients and micronutrients. Among those components, vitamin K is a source for putative inno-
Supplementation vative dietary health intervention, because it may have a potential promise for bone health.

Vitamin K occurs in nature as a series of compounds among which. phylloquinone (vitamin K4) ori-
ginates from green leafy plants and green vegetables and the menaquinones (vitamin Kz) which
are mainly from microbial origin and thus found in fermented food. Vitamin K plays an essen-
tial role in the post-translational conversion of specific glutamyl residues to y-carboxyglutamyl
residues in a limited number of proteins, including osteocalcin which plays a role in the orderly
deposition of the hydroxyapatite matrix in bone, and thus in bone health. However, a significant
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percentage of the population (a least some groups of age) fails to meet the recommended
level of intake on a daily basis. Consequently, because there is an increasing body of evidence
indicating that vitamin K is very important for bone health, it is clear that typical dietary intakes
of vitamin K should be adequate to the recommandations. Nevertheless, it is premature to make
population-based recommandations for routine supplementation, because of the interference
with oral anticoagulant therapy which acts as vitamin K antagonists.

© 2009 Société francaise de nutrition. Published by Elsevier Masson SAS. All rights reserved.

Introduction

La demande sociale du maintien d’une bonne santé et la
nécessaire stabilisation des dépenses de santé conduisent
a considérer 'alimentation dans la réduction des risques
de survenue des maladies dégénératives lices a |'age
comme incontournable. Tel est notamment le cas pour
|'ostéoporose, principale pathologie osseuse, pour laquelle
la prise de conscience du role protecteur exercé par
|’alimentation a vu |’émergence du concept de nutrition pre-
ventive. Dans ce contexte, l’étiologie des phénoménes de
perte osseuse liée au vieillissement étant complexe et mul-
tifactorielle, la prévention nutritionnelle de |’ostéoporose
associant classiquement calcithérapie et supplémentation
en vitamine D doit évoluer vers de nouveaux concepts qui,
outre le respect de |’adéquation aux besoins liés a chaque
stade physiologique, intégrent le potentiel exercé par cer-
tains nutriments et microconstituants, tout en respectant
les grands équilibres. Des recommandations nutritionnelles
adaptées pourront ainsi permettre de pallier 'inadéquation
de ’actuelle prophylaxie et, de toute évidence, d’optimiser
toute thérapeutique médicamenteuse [1].

Parmi les nutriments d’intérét pour la santé osseuse, la
vitamine K occupe une place privilégiée. Le terme de vita-
mine K regroupe, en fait, plusieurs composés liposolubles
qui dérivent du noyau 2-méthyl-1,4-naphtoquinone, dont:
la phylloguinone (ou vitamine K;, phytoménadione) pré-
sente dans les végétaux, les ménaquinones (ou vitamines
Kz) d’origine bactérienne, et la ménadione synthétique (ou
vitamine K;) réservée a ’alimentation animale.

Roéle physiologique de la vitamine K

La vitamine K joue un réle fondamental dans la
conversion post-translationnelle des résidus glutamates en
~v-carboxyglutamates d’un certain nombre de protéines
impliquées dans le processus de coagulation (prothrombine,
facteurs de coagulation VII, IX et X). Néanmoins, son role
s’étend bien au-dela de cette cible initialement pressentie.
En effet, elle est indispensable au métabolisme du cer-
veau car elle participe a la synthése des sphingolipides, un
des principaux constituants de la myéline des neurones et
de leur membrane et certaines données laissent a penser
qu’une carence en vitamine K pourrait étre liée a la patho-
genese de la maladie d’Alzheimer.

Son implication dans la biologie du squelette fut
découverte suite aux malformations feetales (absence de
membres supérieurs) engendrées par la prise maternelle
d’antivitamines K. En fait, le tissu osseux synthétise éga-
lement des protéines contenant de l’acide glutamique,
telles que ’ostéocalcine (principale protéine non collagé-
nique de l'os, d’ailleurs utilisée comme biomarqueur de
l"activité ostéoblastique), la protéine Gla matricielle, et la
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protéine S. Toutefois, le rdle exact de l’ostéocalcine reste
ambigu. En effet, chez la souris, invalidation du géne
codant pour cette protéine se traduit par une augmenta-
tion de L’accrétion osseuse et une résistance a la castration.
Néanmoins, il est admis qu’elle contrdle le processus de
minéralisation par fixation sur les cristaux d’hydroxyapatite,
grace aux résidus glutamates dont |’affinité pour le minéral
est acquise par la y-carboxylation vitamine K dépendante,
ce qui permet d’orienter le processus de nucléation et
d’éviter une cristallisation anarchique. A Uinverse, les ani-
maux invalidés pour le géne de la matrix-Gla protéine
présentent une stature réduite (liée a l’accélération de la
soudure des cartilages de conjugaison), ainsi que des images
de calcification artérielle.

Il est probable que la vitamine K exerce aussi sur le
squelette des effets indépendants de l’ostéocalcine. En
effet, Ohsaki et al. [2] ont mis en évidence, chez le rat,
des propriétés anti-inflammatoires de cette molécule. Par
ailleurs, des études in vitro ont démontré que la ménaqui-
none pouvait inhiber la formation d’ostéoclastes et induire
leur apoptose, via la modulation de la synthése d’ARNm de
protéines ostéoblastiques telles que la phosphatase alcaline
osseuse, l’ostéoprotégérine, |'ostéopontine ou la matrix-
Gla protéine. Toutefois, la vitamine K; est dénuée d’un tel
effet. En outre, ces données n’ont pas été validées par des
approches physiologiques in vivo.

Effets osseux de la vitamine K
Statut en vitamine K et capital osseux

La plupart des études d’observation qui ciblent les relations

entre le statut en vitamine K et la santé osseuse (qu’elle

soit appréciée par la mesure de la masse osseuse, ou par

I’évaluation du risque de fracture), met en évidence le

potentiel ostéoprotecteur de la vitamine K:

* une moindre acquisition de la masse osseuse chez l’enfant
ayant un statut en vitamine K insuffisant [3];

e la mesure dans une cohorte de 1479 femmes et
112 hommes (étude Framingham) d’une densité minérale
osseuse réduite, aussi bien au niveau vertébral que fémo-
ral, dans le plus faible quartile de consommation de
vitamine K (70,2 mg/j) pour la population féminine [4] ;

¢ outre cette incidence sur la masse osseuse, dans |’étude
Epidos portant sur 7598 femmes dgées de plus de 75 ans, il
est constaté que les concentrations systémiques en ostéo-
calcine décarboxylée permettent de prédire le risque
fracturaire [5]. Ces données établissant une corrélation
inverse entre le statut vitaminique K et le risque de frac-
ture sont d’ailleurs corroborées par les résultats de la
Nurse’s Health study conduite chez 72 327 femmes agées
de 38 a 63 ans, le risque augmentant pour une consom-
mation quotidienne inférieure a 109 pug [6]. Ces travaux
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mis en place sur des cohortes importantes, sont tout a
fait cohérents avec plusieurs autres investigations cli-
niques portant sur des effectifs plus réduits. Toutefois,
les auteurs restent prudents dans linterprétation des
résultats en raison de |’existence de facteurs confondants
(notamment un statut nutritionnel général qui n’est pro-
bablement pas suboptimal dans ces populations carencées
en vitamine K), et parce que les taux circulants en vita-
mine K, sujets a des variations journaliéres, ne reflétent
pas nécessairement la consommation a l’échelle de plu-
sieurs années ;

* la mise en évidence de subcarences, décelées par des
taux circulants faibles en vitamine K ou élevés en ostéo-
calcine décarboxylée, chez des patients ostéoporotiques
ayant développé des épisodes fracturaires, par rapport a
des volontaires sains du méme age;

e les traitements a base d’AVK (tels que, notamment, la
warfarine ou la coumarine) qui reposent sur le prin-
cipe d’une liaison a la vitamine K époxyde réductase,
enzyme impliquée dans le cycle de la vitamine K, et
qui donc bloquent la carboxylation des résidus glu-
tamates, empéchent, non seulement la coagulation,
mais engendrent également a long terme des situations
d’ostéopénie. La prescription d’une telle thérapeu-
tigue est donc considérée comme un facteur de risque
d’ostéoporose.

A RETENIR

Une consommation de vitamine K basse est un facteur
de risque d’ostéroporose.

Etudes de supplémentation en vitamine K

De facon générale, les études de supplémentation dispo-
nibles dans la littérature sont basées sur la prescription,
soit de vitamine K, (ménaquinone 4; classiquement sur
des populations asiatiques, et a la dose quotidienne de
45 mg), soit de vitamine K, (sur des cohortes d’origine cauca-
sienne, et a des doses journaliéres allant de 200 g a 10 mg),
comme indiqué dans le Tableau 1. En fonction de la durée
d’administration du traitement, les scientifiques fournissent
des données relatives aux biomarqueurs du remodelage
osseux, des paramétres de DMO, voire des critéres de risque
de fracture.

Cas de la vitamine K3

Les différentes études cliniques ciblant Uutilisation de la
vitamine K; (ménaquinone 4) sont relativement consen-
suelles et démontrent un bénéfice réel d’une telle
supplémentation, qui passe notamment par le rétablisse-
ment du taux de vy carboxylation de ’ostéocalcine. Une
méta-analyse, ainsi qu’une revue de la littérature ont
d’ailleurs été publiées récemment. Ainsi, Cockayne et al.
[7]. ont basé leur méta-analyse sur les études randomisées
conduites sur plus de six mois. Treize d’entre elles four-
nissent des données relatives a la DMO, tandis que sept
ont évalué impact sur le risque de fracture. Ces investi-
gations permettant d’estimer les propriétés biomécaniques
(de résistance) du squelette, comme indiqué précédem-
ment, portaient uniquement sur des populations asiatiques
et mettaient en jeu la vitamine K;. Les auteurs ont calculé

un odd ratio (OR) favorable pour la ménaquinone de 0,40
pour les fractures vertébrales (intervalle de confiance (IC
95%; 0,25—0,65), de 0,23 pour les fractures de la hanche
(IC95%; 0,12—0,47), et de 0,19 pour les fractures non ver-
tébrales (IC 95%; 0,11—0,35). Les scientifiques concluent
donc qu’une supplémentation a base de vitamine K; per-
met de réduire la perte osseuse chez les personnes a risque
d’'ostéoporose ou ostéoporotiques.

A RETENIR

La supplémentation en ménaquinone (vitamine K2)
peut avoir des effets préventifs sur l’ostéoporose.

Plus réecemment, Pearson et al. [8] ont realisé une revue
bibliographigue dans laquelle les huit études cliniques de
court terme recensées démontrent une amélioration du sta-
tut en ostéocalcine carboxylée. Parmi les 23 investigations
de plus long terme (6 mois—3 ans), la majorité a été conduite
au Japon, avec de la vitamine K;. A quelques exceptions
pres, ces travaux démontrent une suppression du proces-
sus d’ostéopénie chez les personnes a risque, que ce soit
au niveau vertébral, fémoral ou des métacarpes, et méme
une amélioration des indices de propriétés de résistance
osseuse. Les auteurs ont identifié uniquement cing publi-
cations sur des populations européennes (dont quatre avec
la vitamine K; et une avec la K;).

En outre, il est important de mentionner le fait que
’Organisation mondiale de la Santé a attributé a I’efficacité
de la vitamine K; sur la DMO et les fractures vertébrales
la note de B (soit un avis positif a partir de données non
définitives générées par des études cliniques randomisées et
contrélées de petite taille), les biphosphonates bénéficiant
de la note A [9].

Il est toutefois important de nuancer ces résultats et
d’éviter toute extrapolation immédiate a la population cau-
casienne. Effectivement, les habitudes de vie orientales
sont différentes de la situation occidentale, de nombreux
facteurs confondants pouvant étre impliqués. Il ne faut
notemment pas oublier que les aliments vecteurs de vita-
mine K; sont les produits fermentés, et en particulier
ceux a base de soja qui constituent une source importante
de phyto-estrogénes dont les vertus ostéoprotectrices sont
reconnues chez les Asiatiques. En outre, les doses classi-
quement administrées sont toujours conséquentes (45 mg/j)
et absolument pas nutritionnelles. Seuls Sasaki et al. [10]
ont utilisé la dose quotidienne de 15mg (et seulement sur
20 patients atteints d’une pathologie rénale). Ils ont mis en
évidence une prévention de la perte osseuse vertébrale.

Cas de la vitamine K;

Les études portant sur la vitamine K; sont plus conflictuelles.

En effet, les premiers travaux de Braam et al. [11]
avaient mis en évidence un effet ostéoprotecteur de la
consommation de phylloguinone (a la dose de 1mg/j
pendant trois ans), chez des femmes européennes ménopau-
sées. Ces données ont été confirmées par Bolton-Smith et al.
[12] qui démontrent qu’un apport quotidien de 200 pg de
vitamine K; pendant deux ans, chez des femmes agées, per-
met d’augmenter le contenu minéral osseux de U'extrémité
du radius, toutefois uniquement si les personnes sont sup-
plémentées en calcium (1g) et vitamine D (10 ug). Dans
’étude de Biigel et al. [13], une supplémentation de 200 ou
500 pg par jour de vitamine K; pendant six semaines chez
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Tableau 1 (Suite)

Références Typologie de |’étude Population Principaux résultats
[50] Shiraki et Itabashi (2009) 6 mois avec K; 109 femmes “\, ostéocalcine
(45mg/j) ménopausees décarboxylée et 7

ostéocalcine apres
1 mois ~ NTX aprés
6 mois

des femmes ménopausées est associée a une amélioration
du taux d’ostéocalcine carboxylée, mais dépourvue d’effet
sur les marqueurs de résorption osseuse. Cependant, une
étude randomisée en double insu n’a pas montré de bénéfice
osseux d’un apport quotidien de 500 par jour de vita-
mine K, pendant trois ans, a des femmes et hommes de
60—80ans [14]. Il en est de méme pour Volpe et al. (2008)
[15], qui n’ont pu mettre en évidence une différence en
termes de DMO, méme si le NTX (biomarqueur d’accrétion)
était augmenté, aprés supplémentation en vitamine K; a
la dose de 600ug pendant six mois chez 14femmes en
bonne santé agées de 25 a 50ans. Uadministration de vita-
mine K; pendant deux ans a la dose de 10mg par jour
a des jeunes femmes sportives n’a pas non plus permis
d’améliorer le statut osseux [16]. De plus, dans le cadre
d’une étude portant sur une cohorte de 381 femmes méno-
pausées américaines (supplémentées en calcium et vitamine
D), Binkley et al. [17] n’ont pas obtenu d’effet significa-
tif de la consommation quotidienne, pendant 12 mois, de
1 mg de phylloquinone, ni d’ailleurs de 45 mg de vitamine K;,
sur les paramétres de DMO, que ce soit au niveau vertébral
ou fémoral. Enfin, dans L’étude randomisée contre-placébo
ECKO publiée par Cheung et al. [18], un apport pendant deux
ans (et une extension de deux ans pour les premiers volon-
taires) de 5mg par jour de vitamine K; ou d’un placébo, a
440 femmes ménopausées ostéopéniques supplémentées en
vitamine D (taux basal normalisé a 77 nmol/l) ne permet
pas d’améliorer significativement les paramétres de DMO.
Cependant, moins de fractures ont été diagnostiquées dans
le groupe traité.

A RETENIR

Les effets de la phyllogquinone (vitamine K;) sont plus
contestés.

En résumé, les travaux portant sur Lutilisation la
vitamine K; sont moins consensuels. Toutefois, comparative-
ment a la vitamine K;, les doses utilisées sont toujours plus
faibles. La population cible est également différente. Ainsi,
’absence d’effet dans certaines études pourrait éventuelle-
ment s’expliquer par le fait que les volontaires sont parfois
jeunes et non a risque en termes de capital osseux.

Interactions

Par ailleurs, de l'analyse de la littérature, il ressort
que l’association de vitamine D (ainsi que probablement
de minéraux tels que le magnésium ou le zinc) per-
met d’optimiser Uimpact sur la DMO, qui s’explique au
moins partiellement par une augmentation des concen-
trations plasmatiques en ostéocalcine carboxylée [19—20].
Ces osbservations sont tout a fait logiques dans la mesure
ou la vitamine D est capable de stimuler la synthése

d’ostéocalcine au niveau transcriptionel, via le récepteur
de la vitamine D (VDR) situé dans la région promotrice du
gene de la protéine.

En conclusion, il existe de fortes présomptions pour
I’existence d’un effet protecteur de la vitamine K sur la
qualité du squelette. Plusieurs éléments conduisent effec-
tivement a émettre U'hypothése d’une association entre
le statut vitaminique et la DMO, et notamment entre
Uostéopénie consécutive a la ménopause et une carence
a long terme en vitamine K. A ce titre, les concentrations
plasmatiques en ostéocalcine décarboxylée sont considérées
comme prédictives du risque de fractures ostéoporotiques.
De plus, les études de supplémentation témoignent d’une
réduction du risque fracturaire. Il convient toutefois de
nuancer ces propos par le fait que seule la ménaquinone
a, jusqu’a présent, fourni des résultats convaincants. Par
ailleurs, l'effet santé est démontré avec la consommation
de tres fortes doses et uniquement sur des populations asia-
tiques.

La vitamine k en pratique
Les recommandations

Les apports nutritionnels conseillés sont de 10 pug par jour
pour le nouveau-né et l'enfant et de 65 g par jour pour les
adolescents (16—19ans). Un apport quotidien de 45 pg est
préconisé pour les adultes et de 70 ug pour les personnes
agées (supérieur a 75 ans), soit environ 1 ug/kg par jour [21].
Aux Etats-Unis, compte tenu de la difficulté de déterminer
le besoin (average requirement), les adequate intakes ont
éte definis sur la base des consommations usuelles des diffé-
rentes tranches de la population. Ils sont respectivement de
120 p.g par jour pour les hommes et de 90 g par jour pour
les femmes.

Néanmoins, l'estimation actuelle des besoins repose
uniquement sur les propriétés relatives au maintien de
la coagulation. Or, les marqueurs biologiques classique-
ment utilisés pour évaluer cette activité sont insufisamment
sensibles pour révéler des carences marginales. De plus,
puisque les travaux récents suggérent que la vitamine K
est un cofacteur indispensable a la y-carboxylation enzy-
matique de l’acide glutamique, étape clef de |’activation
et de la fonctionnalité des protéines dites vitamine K
dépendantes, c’est-a-dire non seulement des facteurs de
la coagulation II, VII, X, protéines C et S impliquées dans
’hémostase, mais également des protéines osseuses non
collagéniques [22], il est probable que les besoins estimés
uniquement au regard de U’ activité de coagulation ne soient
pas réellement pertinents pour la physiologie osseuse.

Les scientifiques envisagent donc de revoir a la hausse
les recommandations, d’autant plus que, chez le sujet
sain, la vitamine K ne pose pas de probléme particu-
lier de toxicité, comme le suggere l'utilisation de trés
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fortes doses de vitamine K; (1mg/j) ou K; (45mg/j) dans
les études d’intervention, dénuées d’effets secondaires
apparents [8]. Toutefois, ces molécules peuvent interagir
avec des anticoagulants oraux, prescrits pour inhiber la
gamma-carboxylation post-translationnelle des facteurs de
coagulation-vitamine K dépendants (l1, VII, IX et X) en situa-
tions de risque de thrombose comme, par exemple, apres
une intervention chirurgicale, un infarctus du myocarde ou
une embolie pulmonaire.

En fait, 'analyse de la littérature démontre une absence
d’interaction pour des doses quotidiennes inférieures a
100 pg. C’est pourquoi, dans son avis (saisine 2007-SA-
0315) publié le 13 juin 2008, I’Agence francaise de sécurité
sanitaire des aliments (Afssa) estime que la prévalence
élevée de sujets suivant un traitement anticoagulant par
AVK justifie une extréme prudence quant a Uenrichissement
des aliments courants en vitamine K. C’est la raison pour
laguelle elle a fixé a 25ug par jour la dose maximale
dans les compléments alimentaires, et refuse |'utilisation
de doses supérieures, méme encadrées par un étiquetage
qui dissuaderait les personnes sous AVK de consommer ces
compléments alimentaires. Par ailleurs, la législation euro-
péenne n’autorise pas les compléments alimentaires a base
de vitamine K;.

Consommation : statut, apports et sources

Le statut en vitamine K est actuellement appréhendé par
la mesure de 'ostéocalcine décarboxylée, parametre jugé
plus pertinent que les classiques mesures de coagulation
et qui représente également un marqueur prédictif de la
DMO et du risque de fracture. De fait, il est évident que
les apports alimentaires en vitamine K sont insuffisants a
la carboxylation compléte de ['ostéocalcine, dont 10 a 30%
circulent sous forme décarboxylée chez ['adulte sain. Une
valeur seuil de subcarence de 4ng/ml a ainsi été propo-
see.

Les apports en vitamine K sont, en fait, extrémement
variables d’un individu a un autre. Sur la base d’une enquéte
alimentaire pratiquée sur 14jours chez 4741volontaires
américains, Booth et al. [23] ont estimé la consommation
moyenne a 90,1, 81,8 et 65,5ug par jour, respective-
ment, pour les tranches d’dge de 65ans et plus, 45—64
ans et 18—44ans. Méme si ces valeurs sont proches des
préconisations, 5 a 15% des sujets ont des concentrations
plasmatiques indétectables en phylloguinone. En outre, plus
de la moitié des enfants et adolescents ont des apports
inférieurs aux recommandations. Enfin, les nourrissons sont
particuliérement vulnérables en raison d’une alimentation
lactée (déficiente en vitamine K), de leurs faibles réserves
et d’une colonisation bactérienne restreinte de leur trac-
tus intestinal [24]. Par ailleurs, il faut noter que la prise
d’antibiotiques, parce qu’ils détruisent la microflore intes-
tinale, peut altérer le statut en vitamine K. Tel est d’ailleurs
le cas des patients souffrant de la maladie de Crohn. En
outre, certains traitements de !’hypercholestérolémie ou
de l'obésité, basés sur le piégeage des graisses, comme
|’Orlistat par exemple, peuvent inhiber ’absorption intes-
tinale de la vitamine K, et par conséquent le statut
vitaminique.

Il est admis qu’un repas classique peut fournir 300 a
400 pg de vitamine K. Les produits végétaux tels que les
légumes verts a feuilles, ainsi que certaines huiles végé-
tales et margarines, constituent les principales sources
de vitamine K; (70% des apports totaux en vitamine K;
épinards: 380 ng/100g; salade verte: 315pg/100¢g; broc-
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colis: 180 pg/100g; huile de soja: 193 ng/100g). Quant
aux ménaquinones, le foie des ruminants en contient
des quantités relativement importantes (10—20ug/100g;
formes 7, 11, 12 et 13). Les fromages (5 a 10ug/100¢g
de ménaquinones 8 et 10 a 20pg/100g de ménaqui-
none 9), ainsi que les produits fermentés a base de
soja, représentent également une excellente contribution
aux apports. Il faut aussi considérer la production par
les bactéries lactiques qui atteint entre 29 et 123 ug/l
de milieu fermenté, et donc ne pas exclure la source
endogéne de ménaquinones a partir de la flore bacté-
rienne. Toutefois, la biodisponibilité de la phylloguinone
est extrémement faible (inférieure a 15%). En revanche,
les ménaquinones sont bien absorbées, ce qui explique
I’équivalence de la contribution des deux catégories de
molécules au statut en vitamine K, malgré les différences
d’apports. Les différentes formes de la vitamine K étant
liposolubles, la molécule doit étre incorporée dans des
micelles mixtes, processus qui requiert la présence de
graisses. De ce fait, les concentrations plasmatiques en
vitamine K sont étroitement corrélées aux triglycérides,
ainsi d’ailleurs qu’au phénotype ApoE. Les ménaquinones
représentent 90% des réserves hépatiques, alors qu’au
niveau sanguin, la forme circulante majeure est la phyllo-
quinone. La phylloguinone et les ménaquinones 6, 7 et 8
sont également détectées dans les tissus cibles, tels que
l’os, a des concentrations équivalentes a celles retrou-
vées dans le foie. Toutefois, le foie étant le principal
organe cible de la vitamine K, les autres tissus ne bénéfi-
cient de la molécule que lorsqu’elle est apportée a forte
dose.

Conclusion

En conclusion, la vitamine K est indispensable a la fonction-
nalité de |’ostéocalcine, protéine non collagénique majeure
du tissu osseux, impliquée dans la régulation des proces-
sus de minéralisation. Elle apporte ainsi une contribution
essentielle au maintien de la qualité de notre squelette.
Cependant, une étude de statut révele une carence en vita-
mine K relativement fréquente, au moins dans certaines
tranches de la population. Or, il ressort des études épidé-
miologiques que le risque de fracture est augmenté pour
des consommations inférieures a 109 ug par jour (étude
de Framingham). Les investigations cliniques d’intervention
corroborent cette constatation puisqu’elles démontrent
qu’une supplémentation (en vitamine K; et a des doses éle-
vées (mg/j) permet de réduire le risque fracturaire. Par
conséquent, compte tenu de 'importance de la vitamine
K pour le capital osseux, il convient d’étre vigilent au res-
pect des recommandations nutritionnelles, d’autant plus
qu’elles n’ont été élaborées que sur la base de I’implication
de la molécule dans les processus de coagulation (et sont
donc probablement sous-estimées). Toutefois, méme si les
risques induits par une consommation élevée de vitamine
K apparaissent mineurs, compte tenu du nombre important
de personnes sous AVK dans la population générale, une sup-
plémentation systématique n’est pas recommandée. Quant
a la vitamine K, la supplémentation n’est pas autorisée en
Europe.

Conflits d’intéréts

Aucun.
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Article history: Objective: Dental pathologies such as caries are the most prevalent disease worldwide with

Accepted 1 March 2011 infectious and social complications. During the process of caries formation, the tooth is
degraded and demineralization of enamel and dentine leads to the release of large amounts

Keywords: of inorganic phosphate (Pi) within dental tubuli. As Pi has been shown to induce apoptosis in

Tooth skeletal cells, including osteoblasts and chondrocytes, we questioned whether high con-

Odontoblast centrations of Pi could affect odontoblast viability, proliferation and apoptosis.

Inorganic phosphate Design: Using the odontoblast-like MO6-G3 cell line as a model, we used cell counting and

Apoptosis MTS-based colorimetric assays to measure cell viability and proliferation. Apoptosis was

Caries formation assessed using Hoechst nuclei staining and detection of the early apoptotic markers

annexin V and Apo2.7.

Results: We show for the first time that a high Pi concentration (7 mM) induced a decrease in

odontoblast viability and proliferation together with a large increase in apoptosis. These

effects were blunted in calcium-free medium, possibly due to the formation of calcium-

phosphate crystals in the presence of high Pi concentrations.

Conclusion: This study contributes to clarifying the effect of Pi on odontoblast viability and

apoptosis, which may improve our understanding of the role of Pi during caries formation.
© 2011 Elsevier Ltd. All rights reserved.

and social interaction.’™ Its high prevalence also means that
the financial cost is enormous. Dental caries are the leading
cause of tooth extraction and the secondary cause for

1. Introduction

Dental caries is probably the most prevalent disease world- respiratory infections that cost over 60 billion dollars in
wide. It can cause a great deal of pain and distress, and the loss 2006 in the United States.®® When uncured, dental caries lead
of teeth has profound consequences in terms of eating, to local and systemic complications such as pulpitis, cellulitis
speaking, sleeping, quality of life, intellectual development  and septis.’®*?

* Corresponding author at: INSERM, U791, Centre for Osteoarticular and Dental Tissue Engineering (LIOAD), Group STEP “Skeletal Tissue
Engineering and Physiopathology”, 1 Place Alexis ricordeau, Nantes F-44042, France. Tel.: +33 0 2 40412919/16; fax: +33 0 2 40083712.
E-mail address: jerome.guicheux@inserm.fr (J. Guicheux).
0003-9969/$ — see front matter © 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.archoralbio.2011.03.001
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Dentine, which is produced throughout life, is composed of
70% hydroxyapatite crystals and represents the major part of
the tooth. Dentine is secreted by odontoblasts, which are
specialized cells located at the pulp-dentine junction. Al-
though apoptosis is known to be a key phenomenon in the
regulation of the life span of odontoblasts, the mechanisms
controlling odontoblast loss in injured teeth are largely
unknown.’ Odontoblast apoptosis can be induced by bacteria
and endotoxins related to the caries lesion**'® and a recent
study illustrated the correlation between apoptosis and dental
pulp volume reduction, suggesting that apoptosis could be
part of the mechanisms that regulate human dental pulp
chamber remodelling during tooth pathology.'* Of interest,
during the demineralization process due to caries lesions, the
tooth is degraded and demineralization of enamel and dentine
leads to the local release of large amounts of inorganic
phosphate (Pi) within dental tubuli.*’*® Since Pi has been
shown to induce ostecblast and chondrocyte apoptosis,’® 23
and given that odontoblasts represent the first cells exposed to
dentinal fluid, Pi could provide a signal that modulates
odontoblast cell viability and apoptosis.

2. Materials and methods
2.1.  Cell culture and inorganic phosphate treatments

The odontoblast-like cell line MO6-G3, expressing the major
proteins associated with the odontoblast phenotype includ-
ing dentine sialophosphoprotein,?° was kindly obtained
from Dr. Mary MacDougall (Department of Oral/Maxillofacial
Surgery, University of Alabama, Birmingham). Cells were
seeded at 10,000 cells/cm? and grown in alpha-MEM medium
(Invitrogen) supplemented with 10% FCS (Hyclone) at 33 “Cin
a 5% CO, humidified atmosphere. When the cells reached 80%
confluence, they were serum starved for 24 h before incuba-
tionwith inorganic phosphate (Pi). Cultures were treated with
Pi at concentrations ranging from 1mM (normal control
conditions) to 10 mM for increasing periods of time (0-72 h).
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In order to test the involvement of calcium in mediating the Pi
effects, cells were additionally cultured in calcium-free
DMEM (Invitrogen, ref 21068-028) in the presence of 1 mM
or 10 mM Pi.

2.2. Cell viability and proliferation

The colorimetric MTS CellTiter 96" AQueous Assay (Promega)
was used as per the manufacturer’s instructions to determine
the effect of Pi on cell proliferation and viability. The number
of viable cells is proportional to the absorbance at 492 nm. To
confirm the results from the MTS assay, cells were counted in
a Malassez chamber using the Trypan blue (Sigma-Aldrich)
exclusion method to distinguish between live and dead cells.
Cell nuclei staining was performed with Hoechst 33258
(Sigma) at a final concentration of 1 pM for 30 min in culture
media. After three washes in pre-warmed PBS (33 °C), nuclear
morphology was observed using an inverted fluorescent
microscope (Nikon, Diisseldorf, Germany) and pictures of
nuclei were taken (100x magnification).

2.3.  Flow cytometry

Cells were trypsinized, washed with PBS and incubated for
15 min at RT in a buffer (10 mM HEPES, 135 mM NacCl, 5 mM
CaCly) containing APO2.7-PE conjugate (Beckman Coulter) or
annexin V-PE (BD Biosciences), as per the manufacturer’s
instructions. Cells were analysed by flow cytometry on a BD
Biosciences FACSCalibur flow cytometer with CELLQuest Pro
software.

2.4. Statistical analysis

All data were collected from at least three separate experi-
ments. Bars on the graphs represent means -+ SD Statistics
were carried out with GraphPad InStat software using one-
way analysis of variance and the Student-Newman-Keuls
post hoc test. Where the p value was <0.05, groups were
considered to be significantly different.
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Fig. 1 - Effect of Pi on MO6-G3 cell proliferation and viability. MO6-G3 cells were incubated with 1-10 mM Pi for 24 h. (A) MTS
activity was determined by measuring optical density at 492 nm. (B) Cells were trypsinized, incubated with Trypan blue
exclusion dye and the percentage of live cells was determined under a microscope in a Malassez chamber. Values are
mean =+ SD; * indicates p < 0.05 versus the control condition (1 mM Pi).

222



ARCHIVIL OF DRAL BIG &6 2oLt} err-alis 979

MTS inee formazan, Fig. 1 shows that increasing concentration

3. Results of Pi decreased cell visbility. Incubating cells with =7.5 mM Pi
reduced cell wizbility 2-fold (Fig. 1A} The data obtained from
%1, Fi alters cell viability and proliferation cell counting confirmed the MTS analysis and showed that

after 8 24-h incubation of MO6-G3 cells with 10mbd Pi, the
The effect of high Pl concentration on MOG6-G3 cell viability number of cells represented only 15% af the cantrol condition
was assessed by measunng the mitochondrial conversion of 11 mM Pi} (Fig 1B) Hence, a i concentration similar to the

A 1 mM Pi 10 mM Pi
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Fig. 2 - Effect of Fi on MO&-G3 cell apoptosis, MOE-G3 cells were incubated with 1 and 10 mM Fi for the indicated times. (A} After
a 24 h incubaton, sdontoblast nucel were stained with Hoechat dye at a final conceniration of 1 pg'ml and observed under an
inverted Auorescent microscope, Apoptotic nuded [right panel) were more often foand in high Pi-treated cells than in control
conditions (left). Bar: 100 pm. The percentage of apoptotic cells was determined by FACS analysis using annexin V-PE (B} and
APDLT-PE (C) staining, as described in Section 2. Walues are means + S0y ° indicates p < Q05 versus control conditon (1 mM PiL
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phystolegical concentration of P ound in sstum (1 mbd) s
necessary for normal proliferation of MOG-G3 cells,

3.2, High Pi concentration stimulates pro-apoptotic
mechanisms

Todeterming whether the Pi-induced decrease in cell wiakility
involved apoptotic mechanisms, MO6-G3 cells treated for 24 h
whith elther 1mM or 10mM Pl wers assessed for DMA
fragmentation. and annexin ¥ and APO2.7 immunostainings.
Staining with the fluorescent dye Hoechst 33258 revealed that
nurnerous nuslel of cells treated with a high Pl concentration
(10 mM) displayed bregular structures with some condensa-
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(i 24k 48k
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ey il

) e

= (=]
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g

MTS activity (% compared to control) m
B

b 24h 4h T2h

tions that are characteriatic of apoptotic celis, whilst nuclel
from control cells (1 mbd Fi} showed 3 homogeneous strecture
with intact contours (Fig. 2a). The involvement of early
;1p|:-pt|:-1'ir mechanisms in the Pl-indured decrease in ool
viability was further investigated by assessing annexin vV and
APD2.T staindng ln MOG-G3 cells, Cells were treated with sither
1 mibd or 10 mbd Pi for (&, 24 snd 48 h, collected and analysed by
flow cytometry. The results demonstrate that 10mdM P
dramatically Increased the percentage of cells positive for
annexinV and APO2.7, and that this effect increased with time
iFig. 26 and C). The dramatic increase in the expression of early
apoptatic markers shows that Pl-induced odentoblast cell
death involves pro-apoptotic mechanisms

12
B i P without Ca
B0 m PR
10
il
e
2 51
i
=
-"% =]
i
o] 4
g
E -
L el o
i P L] 4ih
160
W1 b P without Ca
B G mhk F
140

=k

B3

(=]
L

B

g

MTE activity (% compared to control)
2

Oh 24n 48k T

Fig. 3 - Role of calcium in Pi-mediated meodulation of MOE-G3 cell viability and apoptosis. MOE-G3 cells were incubated with
1 or 10 mM Fi for different periods of time in calcium-containing or calcium-free medis, as indicated, (A} The percentage of
apoplote cells was determined by FACS analysis using APD2.7-PE stalnlng as deseribed in Section 2. (B) Cell wabllity was
determined using the MTS assay, After treatment, optical density was measured at 492 nm. MTS activity was arbitrarily
given as 8 percentage of the control condition for each incubation period {1 mbd Fi). Values are means + 51 ° indicates

p < 005 wersus control condition {1 mA Bi).
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33 Caldum is invelved in Pi-induced apoptosis and
wiability

MOE-G cells were incubated with 1mM or 10mM P and
monitored every & h for 34 h under an inverted microscope. In
the presence of 10mM Pi, chemical structures resembling
crystals were readily visible after 12h {data not shown)
Together with the appantion of crystal-like strucbures at 12 h,
the morphology of the cells was modified, showing signs of
shrinking, The effects were dramatic after & 24-h incubation
perod [deta not shown). These results confirmed previous
ebservations obtathed in our lab, "5 which demonstrated the
presence of amorphous celcium phosphate or apatite-like
crystals. Simce these crystals are made of phosphate and
caleium, they may be important in mediating the P effects, To
test this hypothesis, we incubated MOG-G3 cells for 0-48 hin a
caleium-free medium contalning eithes 1 mM or 10mM Pl
Under these conditions, Pi failed to enhance AFD2 7 staining
(Fig. 34), suggesting that caleium is required for Pi-dependent
MOE-G3 apoptosis. Mext, we pssessed whether P could alzo
permenently alter cell wiakility, When MO6-G3 cells wera
incubated with & high Pi concentration {10 md) for up to 72 b,
cell viability was dramatically and durably decreased (Fig 3B}
In the ebsence of calcium in the medium, the effect of Fi was
blunted (Fig 1B}, together with the formation of erystals {daca
not shown), Taken together, these results show that the
effects of Fi on cell viability, proliferation and epoptosia are
determined by the presence of bath ealetum and phosphate in
the culture medium.

4, Discussion

Dunng the demineralization process dwe to cares lesons,
massive amounts of Fi are releazed locally into the dentinal
fluid, A3 odentoblasts are directly exposed to dentinal fuid, we
irvestigated in this study the biological influence of Fi on the
odontoblast-lke MOG6-C3 cell line. Dur data demonstrate that a
high Pi concentration decreases MOG-G3 viability and pro-
mates apopiosis. The Fi-mediated increase in early apoptotic
roarkers b calelum-free medidm was blunted, which revealed
the role of caloum in mediating B offects on odonteblast
apoptosis. Combined datas from micrescopy and spectrosco-
py®" suppesied that the decresse [n MOB-G3 viability |s
concommitant to calciumphosphate crystal formation

Calcium and Pi are required for the formation of biclogical
apatites. In the absence of these jong, or in the case of
abnormal absorption or. reabsorption, mineralizaton is
impaired, resulting in the formation of poorly mineralized
bone. Duning the last decade, increasing svidence indicates
that Fi is also required in events other than mineralization,
proposing Pi isell as a signalling molecule capable of
muodulating multiple cellular functions in bone.™ Multiple
gtudies now illustrate the Important biological role of P in
regulating osteoblast and chondrocyte differentiation and
proliferation “*** |n contrast to the intense research efforts
to decipher the biclogical role of Fiin bone and cartilage, very
little is knowm about the role of B in teoth,

Im this sbudy we show thata high Pi concentration stimulates
odontoblast apoptosis, confirming previous observations.™
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The modulatien of odentoblast apoptosts Is important for at
least two remsons. First, as cdontoblasts must survive for the
entire life span of the snimal inspite of the continuous decrease
in the dental pulp chamber volume, an understanding of the
regulatory mechanizms that contrel cell death in dental pulp
may provide new inaights [nto the process af wooth hemeasta-
giz. Recently, Mitsiadis demonstrated that apoptosis is a part of
the mechanismn that regulates human dental pulp chamber
rernodelling during tooth development and pathalogy. ™ Sec-
ond, conditions or agents that initiate apoptosis are likely to
tripger dental disorders sccompanied by dentine rerncdel-
ling *¥" Altheugh our work identifies Pl as an important trigger
for apoptosis, many questions regarding its mode of action stll
rermaln tobe deciphered. In particalar, the vole of calelum in the
Pi-mediated biolopical effects deserves further consideration,
Recent experinents congucted in ostecblaste showed that the
Pi-mediated callular effects were related ta the formation of Ca-
P precipitates.”® At the Ca and Fi concentrations used in the
present study, the Ca-P crystal farmation occurred within the
first 30 min n:hfi;r:ﬂub.'al:lnn,‘“ sugpesting o possible role for Ca-F
crystals in the mediation of fon pair effects, However, more
detailed studies are necessary to determine whether Ca-F
crystals are indeed implicated in this process as well as the
poasible mechanisms of sction. Ceflular recognition of meno-
sodium urate M5U) monshydrate crystals is lkely to be due to
the presence of specific Toll-like receptors 2 and 4, whereas
annexin 2 has been identified as & potental calchum oxalate
monshydrate crystal rl-.l:\vep-lf-r.\.r.'":I More recently, Eaetal, showed
that cverexpression of annexin 5 could mediate the binding of
bragic calcium phosphare (BCP; a term including carbonate-
substitsite apatite, octacalcium phosphate, and tricalchum
phosphate) crystals to chondmocyte membranes, leading to
increased apaptosia.®’ Whather a BCP crystal-binding protein
such s snnexin 5 or another unidentified protein could be
involved in the response of odontobiests to Ca-P precipitates
has never been shown and requires fusther nvestgation.
Alternatively, it remsins pessible that the formation of Ca<P
crystals i=- mob instrumental to the apopiotic response of
odentoblasts, Although Ca-F crystal formation did ocour at
thie Ca and P concentrations: used in the present study, it
remaing possible that an increase in free Ca andlor PL
extracellular concentration could account for the stimulaton
of pro-apoptotic mechanismea in MOG-G3 cells. Particularly, the
role af Ca ar Pl transpart nto the eell and of CasSE, remakn 1o be
determined. An extracellular Ca- and Pi-mediated effect on
apeptotic mechanisms that would be independent of Ca-P
erystals may be of physiological relevance during the process or
caries formation, during which large amounts of Ca and Fi are
relegge into the dentinal fluid. This hypothesis may aklzo be
more consistent with the fact that the normal mineralzed
environment of odontoblasts does not normatly - induce
ApopLOSIs,

In this stidy we showed that a physiologicsl Pi concentra-
tion is necessary for nomeel proliferation of MOB-G3 cells,
whereas pro-apoptesiz mechanisms are induced by high Pl
concentraticn. We showed that the effect of Pion cell viability,
proliferation end apoprosis are determined by the presence of
both calcium and phosphate in the culture medicm, This
study contributes to clarifying the role of Pi on odontoblast
acthvities during carles formation.
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Résumeé

Role des acides gras dans le métabolisme osseux

Dans le contexte actuel d’allongement de l'espé&rade vie, la prévalence des
maladies liées a I'age telles que I'ostéoporosadesplus en plus importante. Le codt de la
prise en charge de ces pathologies constitue wigme de santé public majeur et la mise en
place de stratégies de prévention nutritionnellapt®es apparait comme une excellente
solution alternative aux traitements habituels. rRou, I'étude des activités biologiques des
nutriments reste trop marginale pour certains sigflcertaines catégories de molécules, c’est
notamment le cas du tissu osseux et des lipidepadiculier les acides gras. Ces derniers
sont pourtant capables de moduler le devenir du tisseux que ce soit indirectement par des
mécanismes systémiques ou directement au nivekucagdule osseuse.

La perte osseuse liée au vieillissement est sowassticiée a I'établissement progressif
d’'une inflammation chronique a bas bruit a I'écheale I'organisme. Dans ce contexte, les
niveaux de cytokines pro-inflammatoires telles djuderleukine 6 ou le Tumor Necrosis
Factoro sont augmentés et ces composés, qui sont connusnplaire la résorption osseuse,
pourraient contribuer a la dégradation du squelette

Notre hypothese de travail était que certains Agi@@as Poly-Insaturés (AGPI) a
propriétés anti-inflammatoires pouvaient éventuedat limiter I'inflammation chronique
associée au vieillissement et ainsi contribueréggnver le capital osseux. Dans cette optique,
nous avons utilisé la souris SamP8 qui est un neatkdrogeriaprésentant, a douze mois, un
phénotype ostéoporotique. Dans ce modele, I'adim@tien d’'un régime délétére a base
d’huile de tournesol (ratio acide gra® /»3 tres important) aggrave la perte osseuse en
association avec une augmentation des marquelamimiitoires systémiques et osseux ainsi
gu'une augmentation des marqueurs de la résormsseuse. La supplémentation de ce
régime tournesol avec de I'huile de bourrache oliiéle de poisson permet d’apporter des
quantités importantes d’AGPI anti-inflammatoirescida vy-linoléique pour [I'huile de
bourrache etw3 pour l'huile de poisson). De maniére intéressactks deux régimes
supplémentés permettent, en plus de réduire lemmgdres inflammatoires, de s’'opposer a
'augmentation des marqueurs de résorption ossetude limiter la diminution de la densité
minérale de I'os chez ces souris. Cette étude et @&n évidence le potentiel santé de
certains AGPI au regard de la préservation du aap#iseux et suggere un rdle déterminant de
leurs propriétés anti-inflammatoires systémiques.

En paralléle, la description des effets directs algdes gras au niveau cellulaire par
I'activation de récepteurs spécifigues occupent prece croissante dans la littérature.
Récemment, le récepteur membranaire GPR40 (G Rroteipled Receptor 40) a été mis en
évidence pour ses interactions avec les acidesligras a longues chaines et nous avons pu
montrer son expression dans les précurseurs oasfigcies. Nous avons donc émis
I'hypothese que ce récepteur pourrait jouer un dales la médiation des effets des acides
gras sur les paramétres du remodelage osseux.a@alta permis de mettre en évidence
I'existence d’'un phénotype ostéoporotique chezolaris invalidée pour le GPR40. L'effet
protecteur de ce récepteur semble lié principalé@mem effet inhibiteur de son activation sur
la différenciationdes ostéoclastes. En effet, I'utilisation de I'aigtan spécifigue du GPR40
empéchen vitro la différenciation ostéoclastique par RANKL de xi@nodeles cellulaires de
maniere GPR40-dépendante. De surcroit, cet agomristeégalement capable vivo de
s’opposer a une perte osseuse induite chez lass@es résultats révelent pour la premiére
fois I'implication du récepteur GPR40 dans la physi@ogsseuse et apportent la
connaissance d’'une nouvelle possibilité de modwiatiirecte des cellules osseuses par les
acides gras.



