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« jourd’hui, avant de terminer, nous allons parler

d’alimentation. Oubliez cette histoire de régimes. » ... « Nous avons survécu
depuis des millénaires parce que nous étions capables de manger. Et de nos
jours, on dirait que c’est devenu une malédiction. Pourquoi ? Qu’est ce qui
nous pousse a vouloir garder, a quarante ans, le corps que nous avions quand
nous étions jeunes? Est-il possible d’arréter cette dimension du temps? Et
pourquoi avons-nous besoin d’étre maigres ? » ...

«Nous n’en avons pas besoin. Nous achetons des livres, nous
fréquentons des salles de gymnastique, nous perdons une part tres
importante de notre concentration a essayer d’arréter le temps, alors que
nous devrions célébrer le miracle de marcher dans ce monde. Au lieu de
réfléchir a la facon de vivre mieux, nous sommes obsédés par le poids.
«Oubliez ¢a; vous pouvez lire tous les livres que vous voudrez, faire les
exercices que vous désirerez, subir toutes les punitions que vous déciderez de
vous infliger, vous n’aurez que deux choix - ou vous cessez de vivre ou vous
allez grossir»

« Mangez avec modération, mais mangez avec plaisir ; le mal n’est
pas ce qui entre dans la bouche de ’homme, mais ce qui en sort. Rappelez-
vous que pendant des millénaires nous avons lutté pour ne pas avoir faim.
Qui a inventé cette histoire selon laquelle nous devons tous étre maigres
toute notre vie? » « ... Utilisez I'énergie et 'effort que représente un régime
pour vous nourrir du pain spirituel. Comprenez que la Grande Mere donne
avec abondance et avec sagesse - respectez cela, et vous ne grossirez pas plus
que le temps ne l'exige.» Plutét que de briler artificiellement ces calories,
efforcez-vous d’en faire I'énergie nécessaire pour lutter pour vos réves;

personne n’a maigri pour trés longtemps grice a un régime. »

Paulo Coe[ﬁo : La sorciére de Portobello



Ce travail de these a fait 'objet de 4 articles :

(Bablication acceptée

e Edwina Antoun, Iman Momken, Audrey Bergouignan, Clément Villars, Carine
Platat, Dale A. Schoeller, Stéphane Blanc, et Chantal Simon. The [1-13C]Jacetate
recovery factor to correct tracer-derived dietary fat oxidation is lower in
overweight insulin-resistant subjects. e-SPEN, the FEuropean e-journal of
Clinical Nutrition and Metabolism 5 (2010) e173—e179

(Rablications en révision

e Edwina Antoun, Audrey Bergouignan, Iman Momken, Dale A. Schoeller,
Guillemette Gauquelin-Koch, Chantal Simon, Stéphane Blanc. Habitual
Physical activity level predicts metabolic flexibility. Diabetologia

Pablications soumises

e Antoun Edwina, Momken Iman, Audrey Bergouignan, Zimmer Cedric, Sylvie
Normand, Michel Desage, Laure Gabert, Blanc Stephane, Simon Chantal. Effects
of two-month training at current recommendation on the trafficking of dietary
fat. American Journal of Clinical Nutrition

e Momken Iman, Antoun Edwina, Platat Carine, Simon Chantal, Blanc Stephane.
Effects of moderate physical activity and detraining on exogenous saturated and
monounsaturated fatty acids repartition. Diabetes



SOMMAIRE

PREAMBULE . ..ot e e s e eae e s s et e e seeseseesesesessesesesessesenans 1
INTRODUGCTION ...t e e ee et e e e eeeeeeeeeeeeaeesesesessessseseseseseseens 5
CHAPITRE 1 : LA REGULATION PONDERALE ....cvoveveeeeeeeeeeeeeeeeeeeeeeeeeen, 7

1. EXISTERAIT -IL UNE ACTIVITE PHYSIQUE SEUIL POUR LA

REGULATION PONDERALE 7 .....ociiiiiiiiiiiicicietesiceeteeeeeeeee s 9
2. LA BALANCE ENERGETIQUE .......c.cccooviiiiiiiiiinieicrenececeeeene 12
2.1. PIINCIPE .t s 12
2.2. Energie iNGETEE .....c.coveveiirieieiceceeeceeeeeeeee ettt e 12
2.3. La dépense énergétique globale............ccoevveerinieenineenineceeneeeeseeenenne 12
2.3.1. La dépense énergétique de TePOS .......cccovvreuirerrerermrreuinerrereereereenrereereenenes 12
2.3.2. La dépense énergétique de thermorégulation..........c.cececeevrreuieerrercennenees 13
2.3.3. Lathermogenése postprandiale ..........cccoccoieiniiiiiniicninciiniccceees 13
2.3.4. La dépense énergétique liée a I'activité physique.........ccccoeuecenircrnennene. 13
2.4. Processus de prise de poids........ccccoeeereirinienininenininceneeeeeeeee e 14
25. Les déterminants d'une balance énergétique positive......c..cocccererveerreneencnn 15
2.6. Une balance oxydative POSILIVE..........ccceereeeriereeirienenenieeeeneecereneeenreneenene 18
2.6.1. Les apports énergétiques de 'alimentation moderne ..........ccccceeerveuennee. 18
2.6.2. Métabolisme différentiel entre les substrats ... 19

3. ROLE MAJEUR DES LIPIDES DANS LA BALANCE ENERGETIQUE20

3.1. Une balance lipidique positive prédit un déséquilibre de la balance
EIIETGELIQUE ..ottt ettt 20
3.2. La régulation de I'oxydation lipidique .......c.cccoueveeneerecirnecnnrccnniccirenenne 21
3.3. Impact de la quantité des lipides alimentaires..........cccececevereeerreneeenrenennenn 23
3.4. L’influence de la nature des acides gras ..........coccoeeurueuieinucucciricicinicccnenenne 23
3.5. L’obésité : un probléme de balance oxydative positive .......c.cccceverveereeencnn 23
3.4.1.  Altérations des capacités d’oxydation et de stockage ..........cccceueerreennen 24
3.4.2. Quels sont les mécanismes potentiels pour une oxydation lipidique
TEAUITE 7. oo 24

4. CONCLUSION ...ccctiiiiiitirintettetetenrt ettt sttt sne s ennens 27



CHAPITRE 2 : PACTIVITE PHYSIQUE ..o 29

1. L’ACTIVITE PHYSIQUE. ..ottt 31
1.1. Relation linéaire inverse entre l'activité physique et les maladies du siécle
........................................................................................... 31

1.2 L’activité physique et le tissu adipeux : aspects physiologiques................... 32
1.3. L’activité physique et la prise de poids .......ccccceeeveeerenreereneeeneeeenrenenennes 32
1.4. Recommandations actuelles .............cccceiiiinininininiiiciiceeees 33
1.5. Les recommmandations actuelles et la régulation pondérale ...................... 34
1.6. Mécanismes de l'effet de l'activité physique per se.........c.ccccecevevervenenuruennee 37
1.7. Effet combiné de 'activité physique et du régime alimentaire.................... 40

2. INTERACTION DE L’ACTIVITE PHYSIQUE ET DES LIPIDES......... 40

2.1. Existerait-il un continuum entre l'activité physique et le devenir des

lipides aliMentaires? .......cceverieriruerieirienieererteeet ettt ettt sttt s ne 40
2.2. Durée, intensité et type d’exercice : effet sur 'oxydation lipidique............ 45
2.3. Interaction du niveau d’activité physique avec la nature des acides gras ...46
3. CONCLUSION ....coiititiiiientetenieetentteit ettt ete sttt ressee e seesae e eanes 49
CHAPITRE 3 : OBJECTIFS & HYPOTHESES........c.cooosveeveeeeeeeeeerrresen e 51
RESULTATS ..ottt sttt st s s 55

CHAPITRE 4: EFFECTS OF MODERATE PHYSICAL ACTIVITY AND
DETRAINING ON EXOGENOUS SATURATED AND
MONOUNSATURATED FATTY ACIDS REPARTITION ......ccccoceevennennene 57

CHAPITRE 5: EFFECTS OF TWO MONTHS TRAINING AT CURRENT
RECOMMENDATION ON THE TRAFFICKING OF DIETARY FAT........ 91

CHAPITRE 6: HABITUAL PHYSICAL ACTIVITY LEVEL PREDICTS
METABOLIC FLEXIBILITY ..c.oooiiiiiiiiiiiienieieeteeeeeeeeseeeeneeeeee e 121

CHAPITRE 7: THE [1-3C]JACETATE RECOVERY FACTOR TO CORRECT
TRACER DERIVED DIETARY FAT OXIDATION IS LOWER IN
OVERWEIGHT INSULIN-RESISITANT SUBJECTS.......cccceoeiiiiiinininnns 147



DISCUSSION ..ottt et 157

1. PHYSICAL ACTIVITY LEVEL AND ENERGY BALANCE

REGULATION ..ottt 161
1.1. Physical activity modulation and energy expenditure...........c.cccceurueunenee. 161
1.1.1.  Lean subjects follow modulations in activity energy expenditure ....... 161
1.1.2.  Overweight subjects adopt compensatory behaviours facing the increase

in activity energy eXpenditure. .........cocoeerereruirueirriniertnenreeeresreesseseeessenseseesenee 163
1.2. What triggers reductions in NEAEE (sedentarism) in individuals? .......... 164
1.2.1.  Ability to undertake moderate physical activity without fatigue......... 165
1.2.2.  Voluntary physical CtiVILY......cccceveeerirreerinreerereenenreceeeeereeeeenenee 165
1.2.3. An advantageous or detrimental genetic predisposition?...................... 166

- “Thrifty Gene": hypothesis applied to physical inactivity........c..c.cceeneee. 166

- “Drifty gene”: a nonadaptive scenario explaining the genetic

predisposition to Obesity .............cocoiiiiiiiiiiiii 167
1.2.4.  Application of the theory of genetic predisposition to NEAEE ............ 168
1.3. The role of NEAEE in energy balance regulation ..........ccccccevevevceenecnnnne 169
1.3.1. Do reductions in NEAEE induce weight gain? ..........ccccccevevecvrenecnnene. 169
1.3.2.  Non exercise activity deficiency can still increase: implications.......... 171
1.3.3. Does NEAEE modulation predict dietary lipid metabolism? ................ 172
1.3.4. NEAEE vs. structured exercise: future researches perspectives............ 173
1.4. Effect of modulating physical activity on energy intake ............cccccceneeee. 175
1.4.1. Does energy intake follow energy expenditure reduction? .................. 175
1.4.2.  Physical activity and food intake........c..cccoeveemenirinennincrnineeneeenes 176

2. PHYSICAL ACTIVITY LEVEL PREDICTS METABOLIC

ALTERATIONS ..ottt 177
2.1. Modulation of physical activity and metabolic flexibility .........c.c.ceeueunees 177
2.1.1.  Physical activity level predicts metabolic flexibility........c..cccccrereurnnnnee 177
2.1.2. Body mass composition in relation with metabolic flexibility ............. 178
2.1.3. Innovative methodology to investigate metabolic flexibility ............... 179
2.2. Physical activity and lipid metabolism .........cccccevervecereneencnneneceneniencns 180
2.2.1.  Are current guidelines sufficient for improving total lipid metabolism?
....................................................................................... 180
2.2.2. Improvements of physical activity recommendations in the light of the
importance of NEAEE ........cccooiiiiiiriiiiee ettt 181
2.2.3. Chronic vs. acute effect of exercise on lipid metabolism..........c............ 185
2.3. Physical inactivity: a detrimental status for metabolic health................... 186
2.3.1.  Detraining effect on metabolic physiology is more pronounced than
PhYSICAL ACLIVILY ..eeviieiiriiiciirieecerte ettt ettt 186
2.3.2. Effect of a short term detraining .......c.cccceveveeeereneeereneenerenenereneneenens 187
2.3.3. Effect of extreme physical iNaCtIVItY.....ccccvevveuerrerveinerreinreeeenreeenennee 187

2.4. Physical activity level predicts exogenous lipid metabolism..................... 190



25. Applications of our results into public health .......c..cccecveriininninennne. 191
2.5.1.  The relevance of the relationship of PAL with exogenous fatty acid

oxidation into practical health implications ........c.ceceveeeererireniereneniereneneeneeene 191
25.2.  Weight gain prevention: increases in physical activity or reduction in

ENETEY IMLAKE? ....iiiieiirieieiertcte ettt ettt et sr et 194
25.3. The validity of our model .......cccccoeeveinenrinicnincneeneeeeeene 195

3.  PHYSICAL ACTIVITY MODULATION: MECHANISTIC PATTERNS

.................................................................................... 196
3.1. Physical inactivity versus physical aCtivity .........ccccceereienicccirceccniecnene. 196
3.1.1.  Physical inactivity versus physical activity: an inverse mirror of physical
activity or a distinct metabolic feature? .........cccoevererrrererrenerneneeneneeeseeee 196
3.1.2.  Differential mechanistic patterns of physical activity/inactivity effect
through mRNA gene eXpressions ..........ccceevveeruerreeruenreinreneeenrereenreeeesrenenenes 196
3.1.3.  IMTG and insulin resistance...........ccoceoevviininiiininiinniiecneees 202
3.1.4. Gene expressions in overweight SUbJeCts.......cccececvreveinieeinnecnnenenns 203
3.2. A novel mechanistic pattern: reduction in TCA cycle to explain impaired
fatty acid OXIdation......cccvueiriiiiiiiiiiciici s 204
3.3. Exercise mimicking effect molecules..........cccccoovviiinniinninicnniciccne, 207
3.3.1. Potential exercise-related targets ........cocceevereeerrerieerenereneneeeneneeeneene 207
4.  CONCLUSION & PERSPECTIVES .....ccceootiiiiniriieneeecnenecieneeeeenen 211
REFERENCES ..ottt 213
ANNEXES ...ttt ettt sttt st st 229
ANNEXE 1 : OBESITE HUMAINE ........coooviiiiieeeeeeeeeee e, 231
1.1. L’obésité : une maladie chronique et évolutive ..........coceoevevererieverencennene 231
1.2 Quand est-ce qU'est-01 ODESE 7 .....coueveruirieirenieinenieeneneeeieeee et 231
1.2.1.  L’indice de masse corporelle IMC ........ccccceveeirinecireneneneneenieneeennenees 231
1.2.2.  Tour de taille et le rapport tour de taille/tour de hanches: Obésité
abdominale........cccocviiiiiiiiiii 232
1.2.3.  Le pourcentage de Masse GraSSE.......cceverrererrerrererremrererseeeresseeerensenessennes 232
1.3. Obésité infantile..........cooueuiuiiiiiiiiiic s 233
1.4. Pourquoi l'obésité est considérée comme un probléme ? ........cccceeveeennene 234
1.4.1.  Epidémiologie.......ccccooviiiriiiiiiiiiiiiniciciiccne e 234
1.4.2. Relation de I'obésité avec d’autres maladies ............cccoeecevuecininiccncnnes 235
1.4.3. MOTEALILE ...ttt 235
144, MOTDIItE ..ot 237

1.45. Les COULS €CONOMIQUES....co.erueuerreeereriereierieeeerteeererreeenesreeereseeneereseenees 237



ANNEXE 2 : OXYDATION LIPIDIQUE.........cccccoveeiiiiininieiciceeeeeenen 241
1. LOXYAALIOTL ..ttt et 241

2. CYCLE TCA oo eeeeeeeeseesee e eeeesseseeee e 241

ANNEXE 3 : VALORISATION DES COMPETENCES : UN NOUVEAU

CHAPITRE DE LA THESE ....oouoviveiceececeeceeee e 245
1. Cadre générale et enjeux de 1a thése ..........ccccoviieiniiiniiiciiicnicens 247
2. Déroulement, gestion et COUt dU PrOJet .......ccevvevveuervereeereneeerieeerenienenennes 249
3. Compétences, savoir faire et qualités professionnelles..........ccccceereueneneee 252

4. Résultats, impact de 1a these........ccoveeveiniecininecieiccceeceee 253



LISTE DES ABREVIATIONS

2-MAG: 2-monoacylglycérol

ACC: acétyl-CoA carboxylase

ACSM: American College of Sports Medicine

AEE: activity energy expenditure — dépense énergétique liée a activité physique
AHA: American Heart Association

Akt/PKB: sérine/thréonine protéine kinase

AMP: adénosine monophosphate

ARF: acetate recovery factor — facteur de récupération de 'acétate

ARNm: acide ribonucléique messager

ATP: adénosine triphosphate

AUC: area under the curve — aire sous la courbe

BMI: body mass index — indice de masse corporelle

BR: bed rest — modeéle d’alitement

cAMP: cyclic adenosine monophosphate — adénosine monophosphate cyclique
CM: chylomicron

COX4: citrate synthase

CPT1: carnitine palmitoyl-transférase 1

DAG: diacylglycérol

dAREF: dietary acetate recovery factor — facteur de récupération de I'acétate alimentaire
DE: dépense énergétique

DER: dépense énergétique de repos

DESI1: sphingolipide delta(4)-désaturase

DET: dépense énergétique totale

DNA: deoxyribonucleic acid — acide deoxyribonucléique

FA: fatty acid — acide gras

FABPc: cytoplamic fatty —acid binding proteins — protéines cytoplasmiques de liaison
des acides gras

FABPeum: plasma membrane fatty-acid binding protein — protéines menbranaires de
liaison des acides gras

FAT/CD36: fatty acid transporter CD36 — transporteur CD36 des acides gras
FAT: fatty acid translocase — translocase des acides gras

FATP: fatty-acid transporter protein — transporteur protéique des acides gras
FFM: fat free mass - masse maigre

FM: fat mass - masse grasse

G: glucose

GLUT-4: transporteur de glucose type 4

HDL: high density lipoprotein — lipoprotéine de haute densité

HGPO: hyperglycémie provoquée par voie orale

HSL: hormone sensitive lipase

IGT: sujet intolérant au glucose

IMC: indice de masse corporelle

IMTG: intramuscular triglyceride - triglycéride intramusculaire

Kbr: potassium bromide

LIPOX: lipid oxidation study — étude de 'oxydation des lipides

LPL : lipoprotéine lipase

MET: équivalent métabolique (rapport du colt énergétique d’une activité donnée a la
dépense énergétique au repos)

MGL: lipase du monoacylglycérol

MHC: myosin heavy chain — chaine lourde de myosine



MOSPA-Q; MONICA study of physical activity questionnaire — questionnaire
MONICA de l'étude de l'activité physique

MPE: molar percent enrichment — pourcentage d’enrichissement molaire
mtGPAT: mitochondrial Glycerol-3-Phosphate Acyltransferase — acyltransférase
mitochondriale du glycerol-3-phosphaste

MTP: intestinal microsomal triacylglyceride transfer protein — protéine intestinale
microsomale de transfert du triacylglycéride

MUFA: monounsaturated fatty acid — acide gras monoinsaturé

NAP: niveau d’activité physique

ND: non déterminé

NEAEE: non exercise activity energy expenditure — activité spontanée

NEFA: non-esterified fatty acid — acide gras non esterifié

NEFA: plasmatic free fatty acid — acide gras plasmatique

NPRQ: non protein respiratory quotient - ratio d'échange respiratoire non protéique
OAA: oxaloacetate - oxaloacétate

PAL: physical activity level — niveau d’activité physique

PEP: phosphoenolpyruvate — phosphoénolpyruvate

PGC-1a: peroxisome proliferator-activated receptor coactivator — lalpha
PPAR-f: peroxisome proliferator-activated receptor beta

PRKAA?2: AMP-activated, alpha 2 catalytic subunit protein kinase

REE: resting energy expenditure — dépense énergétique de repos

RMR: resting metabolic rate - dépense énergétique de repos

RNA: ribonucleic acid — acide ribonucléique

RT3: triaxial accelerometer — accélérometre triaxiale

RT-QPCR : real time polymerase chain reaction — amplification en chaine par
polymérase

SEM: standard error of the mean — erreur standard

SFA: saturated fatty acid — acide gras saturé

SPTLC1, SPTLC2: serine palmitoyltransferase long chain base subunit 1 /2
SREBP1: Sterol regulatory element-binding protein 1

T2D: diabete du type 2

TAG: intramuscular triacylglycerol — triacylglycérol intramusculaire

TBW: total body water — eau corporelle

TCA: tricarboxylic acid cycle — cycle de I'acide tricarboxylique

TEE: total energy expenditure — dépense énergétique totale

TG: trigylcéride

UCP3: uncoupling protein 3 — protéine 3 de découplage

VLDL: very low density lipoprotein — lipoprotéine de tres faible densité
VO2max: consommation maximale d'oxygéne

WHO: world Health Organization

WISE2005: Women International Space Simulation for Exploration

«2-AMP: sous-unité a2-protéine kinase activée
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De récentes données épidémiologiques ont mis en évidence une association
entre les comportements sédentaires adoptés par les sociétés occidentales et de
nombreuses maladies chroniques tels que les maladies cardiovasculaires, I'obésité et
le diabete. En effet, avec 'émergence des innovations technologiques, ’homme n’a
plus besoin de dépenser beaucoup d’énergie pour subvenir a ses besoins vitaux. De
ce fait, 'adoption des comportements sédentaires s’est répandue dans les populations
modernes. En paralléle, de nombreuses maladies chroniques déja existantes, ont pris
une plus grande ampleur ce dernier siecle. Cette simultanéité d’évenements suggere
une interaction entre I'adoption d'un mode de vie sédentaire et 'émergence du
« Sedentary death syndrome » (Lees and Booth, 2004). Une des théories qui pourrait
expliquer cette croissance est que 95% de nos génes ont été sélectionnés avec
Papparition de I’ Homo sapiens dans une société de chasseur-cueilleur nécessitant un
grand potentiel physique, et que nos génes, depuis cette ére, ont peu évolué. Ainsi,
un décalage entre la réduction du niveau d’activité suite a la révolution industrielle
et I'adaptation génétique face a ce phénomene, s’est installé. II a été estimé que
I’homme actuel dépense seulement 65% de la dépense énergétique de ses ancétres, et
notre niveau d’activité est en dessous de celui pour lequel nos geénes ont été
génétiquement programmeés (Cordain et al, 1998).

En plus, a travers les 4ges, notre régime alimentaire s’est diversifié; les
produits raffinés sont apparus et notre alimentation s’est enrichie progressivement
en lipides. Au-dela de la quantité, la nature des acides gras a aussi été modifiée avec
des proportions d’acides gras saturés supérieures & ce que consommaient nos
ancétres. Sachant que les acides gras sont différemment utilisés par l'organisme
suivant leur nature, cette modification dans la composition des lipides du régime
alimentaire constitue également un changement environnemental en soi important a
noter. Cependant, cette théorie ne permet pas d’expliquer le fait que certains
individus échappent aux maladies du siecle moderne et en outre a 'obésité. Une des
hypotheéses serait que ces individus s’adaptent a ce phénomene en augmentant leur
niveau d’activité physique a un seuil d’équilibre avec la balance énergétique. De ce
fait, bien que nos geénes jouent un role dans la régulation du poids via la
susceptibilité individuelle, la modification des facteurs environnementaux tel le
niveau d’activité physique semble étre un facteur déterminant face au
déclenchement de la prise de poids.

Face a la prévalence alarmante de l'obésité (Annexe 1), il est important
d’étudier les relations de cause a effets entre les différents niveaux d’activité et le
développement de cette maladie. De telles études permettront de démasquer les
mécanismes impliqués dans la régulation du poids et altérés par I'inactivité physique
et qui pourront étre améliorés avec l'activité physique, mettant ainsi en avant de
nouvelles pistes préventives ou thérapeutiques.

En outre, l'obésité est une maladie du stockage des lipides caractérisée par
une incapacité a utiliser les lipides alimentaires comme substrat énergétique et par
un acheminement préférentiel des lipides dans le tissu adipeux pour y étre stockés
plutdt que vers le muscle pour y étre oxydés. Les anomalies de 'utilisation des acides
gras chez l'obése se sont retrouvées aprés perte de poids, indiquant qu’elles
pourraient étre antérieures et participer a la constitution de I'excés de masse.
L’activité physique, en tant que composante la plus modulable de la dépense
énergétique totale, pourrait jouer un réle clef dans le devenir des lipides. Toutefois,



hormis les données existantes sur les effets aigus de I'activité physique sur la lipémie,
nous disposons de peu de données concernant l'effet de la modulation du niveau
habituel d’activité physique sur I'oxydation et la répartition des lipides alimentaires.

Le but de ce travail de thése a été d’étudier, chez 'homme normopondéré et
en surpoids, les mécanismes par lesquels une dépense énergétique liée a l'activité
physique, basse ou élevée, module I'oxydation des lipides alimentaires en portant
une attention toute particuliére a l'évaluation des recommandations actuelles
d’activité physique. Pour cela, nous avons soumis deux groupes de sujets sédentaires
différant par leur masse corporelle (surpoids et normopondéré) a deux mois
d’entralnement basé sur les recommandations actuelles et un troisiéme groupe
d’hommes actifs normopondérés a un mois de désentrainement, avec un maintien
d’un poids stable tout au cours de I'étude.

Dans l'introduction, le Chapitre 1 présente les concepts de balances énergétique et
oxydative des substrats et les troubles métaboliques de prise de poids en attachant
une importance au le métabolisme des lipides alimentaires. Le Chapitre 2 présente
l'impact de la modulation de l'activité physique sur le métabolisme énergétique et
oxydatif puis s’attache a mettre en avant les interactions du niveau d’activité
physique avec les lipides. A la suite, le Chapitre 3 expose les objectifs et les

hypothéses de ce travail de these.

La partie expérimentale est composée de 4 parties:

Nous nous sommes tout d’abord intéressés aux effets directs de I'inactivité
physique et de lactivité physique sur le métabolisme postprandial des lipides
alimentaires en fonction de leur nature. Plus spécifiquement, nous présentons
Pimpact de l'inactivité physique et de l'activité physique sur I'oxydation des acides
gras exogenes saturés et monoinsaturés chez ’homme de poids normal (Chapitre 4)
et leffet de lactivité physique chez des hommes en surpoids (Chapitre 5). Nous
avons aussi cherché a caractériser I'influence de I'inactivité physique et de l'activité
physique sur la flexibilité métabolique combinant nos résultats obtenus dans les
chapitres 4 et 5 avec ceux d’études spatiales précédemment réalisées sur un modele
d’alitement prolongé (Chapitre 6). Les protocoles classiquement utilisés pour I'étude
du métabolisme lipidique exogéne font appel a l'utilisation d’isotopes stables pour
lesquelles des corrections doivent étre appliquées. Le Chapitre 7 vérifie 'emploi de
ces corrections, définies pour des sujets normopondérés, dans le cadre de sujets en
surpoids.

Enfin, une discussion générale rappellera les principales conclusions de ce
travail de these et permettra d’envisager les perspectives et les implications de nos
résultats au niveau de la santé.
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CHAPITRE 1

LA REGULATION
PONDERALE






1. EXISTERAIT —IL UNE ACTIVITE
PHYSIQUE SEUIL POUR LA REGULATION
PONDERALE?

La régulation de I'apport alimentaire est flexible. Ainsi, toute augmentation
de dépense énergétique due a une activité physique est automatiquement suivie par
une équivalente régulation en apport calorique. Cette supposition montre clairement
le role de l'activité physique comme facteur dans la régulation du poids. Dans les
années 1950, Jean Mayer et al (Mayer et al, 1954) ont avancé ’hypothese qu’il
existerait un seuil d’activité physique en dessous duquel les mécanismes de
régulation du poids sont inopérants, en se basant sur des études transversales faites
chez le rat (Mayer et al,, 1954) puis chez 'homme (Mayer ez al, 1956).

En effet, Mayer er al (Mayer er al, 1954) ont émis I’hypothése d’une zone
d’activité physique compensatoire dans laquelle les rats actifs réalisant 1 a 6h
d’activité physique par jour en courant sur un tapis roulant, augmentent leur prise
alimentaire en fonction de la durée de lexercice physique et par conséquent
maintiennent leurs poids stables. Cette zone d’activité a été nommée «zone
compensatoire » puisque la quantité d’énergie ingérée augmente en fonction de
dépense énergétique engendrée par l'excercise et le poids reste constant. Une
cessation de prise alimentaire est observée a des niveaux d’activité physique plus
élevés et les rats extrémement actifs perdent du poids. Néanmoins, la réduction de
Pactivité physique n’est pas accompagnée d’une diminution de prise alimentaire. En
effet, les rats qui passent moins d’1 heure par jour a courir, augmentent leur prise
alimentaire ce qui résulte en une prise de poids en comparaison avec les rats de la
zone compensatoire. Une déficience dans la régulation de la prise alimentaire a été
suggérée pour expliquer le gain d’adiposité observé.

Dans une seconde étude menée sur des Indiens adultes du Bengale classés en
fonction de leur niveau d’activité physique en se basant sur leurs catégories
professionnelles, Mayer er al (Mayer et al, 1956) ont observé que les hommes
employés dans des fonctions qui demandent un travail physique important ont une
consommation alimentaire fonction de leur besoins énergétiques mais sont plus
minces que les hommes qui ont un travail sédentaire. En revanche, ces derniers ont
une prise alimentaire supérieure a celle des hommes ayant un travail physique
important et présentent un poids plus élevé. Ce déséquilibre énergétique était
comparable a celui observé au préalable chez les rats. Suite & ces observations, Mayer
et al. (Mayer et al, 1956) ont émis '’hypothese qu’il existerait un seuil d’activité
physique en dessous duquel les mécanismes de régulation du poids sont inopérants,
ce qui conduit a une augmentation du poids corporel (Figure 1). Cependant, du fait
du manque de précisions des mesures de la dépense énergétique totale, aucune
conclusion n’a pu étre tirée quant au rdle direct de I'inactivité dans la prise du poids.
L’existence d’'un niveau seuil d’activité physique en dessous duquel les mécanismes
de régulation du poids corporel seraient inopérants reste donc a démontrer.
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Figure 1 : Relation entre l'apport alimentaire, le poids corporel et le niveau d’activité
physique chez les Indiens du Bengale (Mayer et al., 1956).
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Récemment, avec les nouvelles techniques de mesure de dépense
énergétique comme I'eau doublement marquée, il a été montré que les personnes qui
pratiquent une activité physique ayant un cofit énergétique inférieur a 4 MJ par jour
pendant 14 jours ne modifient pas leurs apports alimentaires (Blundell ez aZ, 2003).
En revanche, la pratique d’'une activité physique intense s’accompagne d’une
réduction de l'appétit a court terme (Blundell and King, 1999). Plus globalement, les
résultats analysant la relation entre activité physique et apports alimentaires restent
treés divergents avec seulement 19 % des études d’intervention rapportant une
augmentation des apports nutritionnels apres exercice, 65 % ne montrant pas de
modification et 16 % faisant état d’'une diminution de 'alimentation (Blundell and
King, 1999). Des études longitudinales ont démontré que des femmes post-obéses
étaient capables de maintenir leurs indices de masse corporelle IMC normaux si et
seulement si elles conservaient un niveau d’activité physique PAL d’environ 1,70-
1,75 (Schoeller er al, 1997; Weinsier et al, 2002). Aussi, Murgatroyd et al
(Murgatroyd et al., 1999) ont observé que pour un régime spécifique (dense vs. faible
teneur en lipides), les sujets (actifs vs. sédentaires) consommaient les mémes calories
quel que soit leur niveau de dépense énergétique. De méme, Shepard er a/. (Shepard
et al, 2001) ont observé que la diminution de l'activité physique associée a un
environnement sédentaire induit par une journée passée dans une chambre
calorimétrique, a généré une balance énergétique positive a la fois chez des sujets de
poids normal et obeéses.

En accord avec I'hypothese de Mayer discutée ci-dessus, I'ensemble de ces
données révelent qu’il n’y a pas de diminution de I'apport alimentaire en rapport
avec une réduction de la dépense énergétique, pour des périodes courtes et de
moyenne durée. A 'opposé des résultats retrouvés dans les études de court et de
moyens termes, des études d’alitement ou « bed rest » de longues durées (Ritz et al,
1998; Bergouignan er al, 2009b) montrent que les sujets soumis a une période
d’inactivité physique de plus de deux mois, induite par I'alitement, sont capables
d’ajuster leur apport alimentaire a leur dépense énergétique et par conséquent, sont
capables de maintenir une balance énergétique stable durant toute la période de
lalitement (Blanc er al, 1998). Inversement, les dépenses énergétiques induites par
I'exercice chez les sujets alités en «bed rest» en déficience d'activité physique
spontanée, n’engendrent pas une sensation de faim et induisent en revanche un
bilan énergétique négatif, suggérant un role potentiel des activités physiques
quotidiennes réalisées dans les activités spontanées de la vie de tous les jours et non
induites par un exercice structuré dans la régulation du bilan énergétique
(Bergouignan et al, 2010). Ce type d’activité semble adaptatif lors d’expériences de
surnutrition, suggérant un réle dans le maintien de la masse corporelle en réponse a
des variations de I'énergie ingérée (Levine er al, 1999) .

Compte tenu des effets contrastés des activités dites spontanées vs.
structurées, et les périodes de courte/moyennes vs. longue durée d’inactivité
physique, le role direct de la modulation de I’activité physique dans la prise de poids
et I'existence d'un niveau seuil d’activité physique en dessous duquel les mécanismes
de régulation du poids corporel seraient inopérants restent donc a élucider.

En se basant sur les données de la littérature, l'objectif de ce chapitre est de
présenter les effets de la modulation du niveau d’activité physique sur la régulation
pondérale. Au préalable, les notions de balances énergétiques et oxydatives des
substrats et en particulier les mécanismes de prise de poids sont discutés.
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2. LA BALANCE ENERGETIQUE

2.1. Principe

Quantitativement, la source principale de cette énergie alimentaire est la
liaison C-H qu’inclut toute molécule de protéines, de lipides, ou d’hydrates de
carbone. L’énergie de cette liaison est libérée par les processus d’oxydation internes
et aboutit a la formation de CO2 et ’H20. Le principe de conservation d’énergie
s’applique sur la balance énergétique : ainsi, tout gain de masse ne peut résulter que
d’une augmentation des apports caloriques et/ou d’une réduction de la dépense
énergétique totale.

2.2. Energie ingérée

L’énergie ingérée représente l'apport énergétique total de I'ensemble des
aliments et boissons qui sont utilisés comme substrats pour le métabolisme corporel.
Les aliments sont constitués de trois principaux macronutriments : les glucides, les
protides et les lipides, ces derniers présentant la densité énergétique la plus
importante. Les lipides fournissent I'énergie la plus élevée par unité de poids (9
kcal/g), les glucides et les protides ont la valeur énergétique la plus faible (4kcal/g).

2.3. La dépense énergétique globale

La dépense énergétique globale est répartie en plusieurs compartiments : la
dépense énergétique de repos et les fractions de la dépense énergétique liée a la
thermorégulation, a lacte alimentaire et a lactivité physique. Il convient d’y
adjoindre dans les cas correspondants la dépense énergétique liée a la croissance
(enfants, ou adultes en cas de prise pondérale apres perte de masse maigre ou grasse)
et celle liée a la grossesse et a la lactation.

2.3.1. La dépense énergétique de repos

La dépense énergétique de repos DER témoigne des échanges métaboliques
de la période dite post absorptive, lorsque les transferts de I'énergie associée aux
nutriments sont finalisés dans un environnement thermique neutre, 8 a 12 heures
aprés un repas ou une activité physique. La DER n’est pas équivalente a la dépense
énergétique basale (ou métabolisme de base). En effet, le métabolisme de base est
mesuré juste avant le réveil et représente environ 90% de la DER. La DER
correspond a l'énergie obligatoirement dépensée a travers les transports ioniques
actifs, le maintien des fonctions vitales et le tonus musculaire de repos. Elle
représente chez I'adulte sédentaire 70 a 75% de la dépense énergétique totale DET.
La variation interindividuelle est considérable et est explicable pour 85% par quatre
facteurs : 4ge, sexe, taille et poids corporel. Ces variations sont en fait principalement
dues a la variation de la masse maigre. Elle peut expliquer de 70 a 80 % de la
variabilité du métabolisme de repos contre a peine 2 % pour la masse grasse (mais
cette valeur peut atteindre 10% chez des sujets obéses). Chez 'homme, il a été mis
en évidence l'existence d’une relation entre le métabolisme de base et la masse
musculaire (Alpert, 2007) de telle sorte que l'on peut prédire le niveau du
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métabolisme de base a partir de I'estimation de la masse maigre. Ajustée pour les
différences de masse maigre, la variabilité interindividuelle du métabolisme de repos
varie entre 3 et 8 %.

2.3.2. La dépense énergétique de thermorégulation

L’homme, homéotherme, doit maintenir sa température corporelle dans
d’étroites limites de température (31°C- 41°C) malgré des variations de grande
amplitude de la température extérieure. Le maintien d'une température constante
est nécessaire pour maintenir les structures anatomiques cohérentes (membranes
protéo-lipidiques), et les systémes enzymatiques fonctionnels. L’énergie nécessaire a
I'homeéostasie thermique provient de la chaleur émise des transports d’énergie dans
les réactions biochimiques. A la température de neutralité (22 -24°) ot 'on mesure la
DER, il n’y a pas de dépense supplémentaire liée a la thermorégulation.

2.3.3. Lathermogenése postprandiale

Elle représente 10 a 15% de la dépense énergétique globale d’un sujet
sédentaire. Elle a trois composantes: la dépense énergétique en rapport avec
Pactivité musculaire aboutissant & l'ingestion d’aliments (mineure) et les dépenses
énergétiques facultative et obligatoire.

- La part obligatoire :

L’essentiel de la dépense énergétique postprandiale est en rapport avec
Peffet thermique des aliments. C’est la part obligatoire dans laquelle les processus
digestifs déclenchés par l'ingestion (sécrétions exocrines, motricité, absorption)
interviennent classiquement pour moins de 10%. Il est admis que la part obligatoire
de la dépense énergétique postprandiale est principalement le fait du cott
énergétique du stockage des nutriments. Le cofit de stockage varie en fonction des
réserves énergétiques au moment du repas et de la nature des aliments ingérés.

- La part facultative :

La réponse énergétique globale a un repas varie notablement d’un
sujet a lautre avec des écarts de 30% par rapport a la moyenne. Cette
variation est liée a la part de la thermogenese alimentaire dite facultative ou
régulatrice qui est non expliquée par le stockage des nutriments. L’existence
d’une dépense énergétique postprandiale facultative pourrait rendre compte
partiellement des différences interindividuelles de rendement d’une
alimentation hypercalorique (c'est-a-dire excédant les besoins). Une
diminution de cette dépense énergétique facultative participe au moins a la
genese de lobésité. A linverse, une importante dépense postprandiale
facultative pourrait expliquer pourquoi, soumis a une agression aigue ou
chronique, certains sujets maigrissent et d’autres non.

13



2.3.4. La dépense énergétique liée a I'activité physique

Dans les conditions physiologiques, le principal facteur de modification de
la dépense énergétique est l'activité physique en tant qu'élément le plus variable de
la dépense énergétique journaliére. L’activité physique correspond a 'ensemble des
mouvements corporels produits par la contraction des muscles squelettiques qui
entraine une augmentation de la dépense énergétique au-dessus de la dépense
énergétique de repos. En fait, les modifications de la dépense énergétique sont
surtout le fait de l'intensité et de la durée de leffort musculaire consenti, plus que
celui de la variation de I’énergie dissipée au cours d’'un effort d'une puissance
donnée. Ceci pourrait étre plus explicite dans les conditions pathologiques : un sujet
en conditions de dénutrition réduit son activité physique, il diminue aussi le cott
énergétique des efforts dépendants de la masse corporelle telle la marche, puisqu’il
pése moins. Un sujet obése qui a maigri diminue sa dépense énergétique en réponse
aux activités physiques dépendantes du poids. Chez un sujet sédentaire, le coiit de
Pactivité physique peut représenter moins de la moitié du métabolisme de repos. Ces
proportions peuvent étre inversées chez un sujet tres actif.

L’intensité de lactivité physique peut étre exprimée en valeur absolue
(énergie dépensée par unité de temps) ou rapportée a une estimation de la DER.
Ainsi, le cotlt de Tactivité physique est souvent exprimé par un index d’activité, le
PAL (Physical Activity Level) qui correspond au rapport de la dépense énergétique
totale sur le métabolisme de repos. Un PAL de 1,0-1,4 caractérise des individus
sédentaires alors qu'un PAL de 1,9-2,5 correspond a des individus tres actifs (Black
et al., 1996). Par exemple, un individu marchant 3,5 km par jour en 30 minutes, en
plus de ces activités quotidiennes, a un PAL d’environ 1,5. Chez l'adulte, le PAL
présente une treés grande variabilité selon le contexte socio-écologique de 'individu
et dépend du type d’emploi, de la localisation géographique, du niveau social, etc. La
dépense énergétique liée a l'activité physique pourrait représenter chez un sujet
sédentaire 15 a 20 % de la dépense énergétique totale. Un PAL correspondant a une
activité physique modérée réduit la prévalence de nombreuses maladies chroniques.
Des données obtenues chez des femmes post-obéses suggerent qu'un PAL de 1,75 est
la limite inférieure en dessous de laquelle la régulation de la composition corporelle
devient inopérante (Schoeller et al, 1997).

2.4.  Processus de prise de poids

Une balance énergétique positive qui est maintenue sur une longue période
peut mener a une prise de poids si elle n’est pas contrebalancée par une dépense
énergétique équivalente. Un apport alimentaire supérieur aux besoins pourrait étre
da soit a un apport énergétique total supérieur, soit a une diminution de la dépense
énergétique totale, soit aux deux. On peut distinguer plusieurs phases dans la
dynamique de prise de poids (Schutz, 1995). Au cours de la phase de constitution, le
bilan d’énergie est positif : les apports dépassent les dépenses mais le poids ne varie
pas : c’est la phase pré-obése statique. L’excés d’énergie est stocké sous forme de
masse grasse mais aussi de masse maigre. Dans la phase dynamique le sujet est en
balance énergétique positive et commence a prendre du poids sur une longue
période. Cette augmentation de la masse et en particulier de la masse maigre
entraine une augmentation de la dépense énergétique. Avec le temps, la balance
énergétique se rétablie suite a I'augmentation de la dépense énergétique de repos
engendrée par 'augmentation de la masse maigre et a la dépense énergétique liée au
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déplacement d’'un poids plus élevé. Clest la phase de stabilité pondérale. Ainsi,
I'individu dépense plus d’énergie qu’avant sa prise de poids mais en ayant alors un
bilan d’énergie équilibré ot les entrées égalent les sorties.

Au bout d'un certain temps d’évolution, et ce dautant plus qu'une
prédisposition génétique est présente, 'obésité s’organise et devient de moins en
moins sensible aux mesures comportementales (régime, activité physique).
Cependant, au cours de la phase initiale, la prise de poids est essentiellement liée aux
facteurs comportementaux et environnementaux. Les réserves adipeuses augmentent
mais cette inflation reste réversible pendant longtemps. Mais au fur et a mesure
qu'une obésité progresse, et ce d’autant plus qu’il existe des facteurs de
prédisposition génétique, le tissu adipeux recrute non seulement des nouvelles
cellules mais il est le site d'une angiogenése, d'une nouvelle innervation, d’'une
infiltration macrophagique et, au bout d’'un certain temps, d'une fibrose (Clement er
al, 2004). Autrement dit une pathologie d’organe s’installe et méme une pathologie
de systeme : tout se passe comme si 'inflation du tissu adipeux se déconnectait du
systéme réglant les réserves énergétiques.

2.5. Les déterminants d’une balance énergétique positive

Une balance énergétique positive résulte a la fois d'une prédisposition
génétique et également d’'un mode de vie favorisant la prise de poids. Ainsi, 'obésité
témoigne d’une mise en échec du systéme de régulation des réserves énergétiques
par des facteurs externes (mode de vie, environnement) ou internes (déterminants
psychologiques ou biologiques) (Figure 2) (Campfield er aZ, 1998; Hill and Peters,
1998). Les facteurs biologiques, souvent génétiques jouent un réle le plus souvent
permissif; il a été estimé que 40 a 70% de la variabilité interindividuelle dans la
prévalence de l'obésité est d’ordre génétique (Bouchard and Perusse, 1993). Les
résultats des études concernant de trés nombreux geénes candidats sont reportés
chaque années (Bouchard er al, 1990; Clement and Ferre, 2003).

Actuellement, on estime plutét que les génes impliqués dans la prise de
poids augmentent le risque ou la prédisposition d’un sujet a I'obésité lorsquil est
exposé a un environnement défavorable. Ainsi, selon Roland Wiensier: « Our genes
permit us to become obese, the environment determines if we become obese »
(Weinsier et al, 1998). De ce fait, bien que les génes jouent un réle dans la
régulation du poids chez I’homme via la susceptibilité individuelle, ils ne peuvent a
eux seuls expliquer I’évolution récente de I'obésité. L'un des points sur lequel nous
différons notablement de I'Homo sapiens est notre mode de vie qui a
considérablement changé au cours du dernier siecle. Si la génétique joue
manifestement un role, elle ne permet cependant pas a elle seule d’expliquer la
spectaculaire progression de la prévalence de la maladie de I'obésité sous I'influence
de facteurs comportementaux, sociaux et économiques. Ainsi, la génétique
détermine une susceptibilité a 'environnement.

Des individus soumis a une méme suralimentation pendant 3 mois different
dans leur capacité a prendre du poids : certains gagnent 2kg d’autres plus de 10kg ;
mais la prise de poids de jumeaux homozygotes est parfaitement corrélée. La
contribution de I'hérédité a 'obésité pourrait donc résulter de linteraction d’un
grand nombre de variants géniques fréquents, associés de maniére variable selon les
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individus et les populations (hérédité polygénique). Cependant, la contribution de
ces geénes de susceptibilité ne devient significative qu’en interaction avec des facteurs
environnementaux prédisposant a leur expression phénotypique (suralimentation,
baisse d’activité physique). En revanche, les études longitudinales sur l'activité
physique montrent que de nombreux facteurs environnementaux et sociaux peuvent
aussi induire I'adoption d'un mode de vie actif. Il s'agit notamment de la
participation a des sports organisés (Telama and Yang, 2000) , les relations sociales
(Yang er al, 1999), lintérét et l'encouragement parental a l'activité physique
(Kantomaa er al, 2007), I'environnement local (Telama and Yang, 2000), une bonne
auto-perception de la santé (Dovey et al, 1998) et une baisse de la consommation
d'acides gras saturés (Raitakari et al., 1994).
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2.,6. Une balance oxydative positive

Hormis le réle primordial de la régulation de la balance énergétique
dans le maintien d’un poids stable, la balance oxydative joue un réle tout aussi
important (Flatt, 1988). La proportion des substrats oxydés doit étre
représentative de la composition des macronutriments ingérés notamment les
lipides, glucides et protéines d’ou la notion dune balance oxydative des
substrats.

2.6.1. Les apports énergétiques de I'alimentation moderne

Les apports alimentaires jouent un réle important dans le bilan énergétique.
En effet, des études ont mis en evidence une corrélation positive avec l'apport
alimentaire et I'indice de masse corporelle (Miller ez al, 1990). L’apport énergétique
total est influencé par plusieurs facteurs. L’augmentation de la densité calorique de
Palimentation, l'augmentation de la taille des portions, la diminution de la
consommation de glucides complexes (féculents, fibres), la déstructuration des
rythmes alimentaires, la diversité et la disponibilité des aliments sont des facteurs
susceptibles de prendre en défaut les mécanismes régulant le bilan d’énergie. II faut
aussi considérer les déterminants psychophysiologiques de la prise alimentaire et le
plaisir engendré par les déterminants olfactifs, visuels ou cognitifs. La vitesse de
consommation au cours et entre les repas est influencée par la sapidité des aliments.
Les macronutriments ont des teneurs énergétiques différentes. Le niveau des apports
susceptibles d’entrainer un bilan positif est éminemment variable d’'un individu a
Pautre : la notion d'un dépassement des besoins caloriques est individuelle et non
normative. Les modalités d’augmentation des apports alimentaires sont variables.
Chez certains sujets, la prise alimentaire est influencée par la disponibilité et la
palatabilité des aliments, les habitudes familiales et les sollicitations. Ailleurs, des
troubles du comportement alimentaire sont en cause.

Globalement, la densité d'énergie de notre alimentation a augmenté:
l'alimentation traditionnelle africaine est & ~ 450 k].100g! par rapport a la densité
moyenne de I'alimentation britannique (~ 670 kJ.100g™) ou la densité moyenne de
régime fast-food (T 1100 kJ.100g?) (Prentice and Jebb, 2003) et notre alimentation
est devenue plus douce et plus raffinée, avec plus de sucres simples et une réduction
des fibres alimentaires (Swan, 2004). Bien que I'apport total en matieres grasses a
diminué, les lipides saturés et artificiels (par exemple, trans) ont augmenté (Swan,
2004). Ces changements ont largement accompagné l'urbanisation, 1'accroissement
des richesses, l'augmentation des aliments et des boissons transformés et la
diminution de la consommation des aliments crus, des grains complets, des fruits et
des légumes (Popkin, 2006). Ces changements de la composition de I'alimentation
peuvent modifier les processus normaux de métabolisme : par exemple, un homme
de 70 kg a ~ 18,3 kg d'énergie stockée, dont 66,5% (12 kg), 32,8% (6 kg) et de 0,7%
(0,3 kg) de matiéres grasses, de protéines et d’hydrates de carbone, respectivement.
Cela équivaut a 139, 200 kcals en supposant que I'oxydation des matieéres grasses, des
protéines et des glucides a pour rendement 9.3, 4.4 et 4.0 kcal, respectivement. Pour
I'ensemble de la matiére grasse, la dose journaliére par rapport a cette «réserve» est
tres faible (35% de ™ 2000 kcal = 700kcal, relativement a la "réserve" de 92.568 kcal
ou ~ 0,1%) et donc de tres légeres variations dans la teneur en matiéres grasses des
produits alimentaires peut étre plus difficile a détecter et par conséquent a réguler
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efficacement (Gardner and Rhodes, 2009). L'alimentation moderne met d’avantage
l'accent sur une adaptation difficile a la consommation alimentaire, en paralléle a la
réduction de l'activité physique (Gardner and Rhodes, 2009). Il est clair que, si un tel
environnement persiste pour de longues périodes (années - décennies), une
augmentation progressive de la masse grasse sera induite.

L’apport énergétique total est aussi influencé par la palatabilité qui joue un
role important sur le comportement alimentaire (Blundell and King, 1996). Par
ailleurs, la sapidité des aliments joue sur la vitesse de consommation des aliments et
sur la sensation de faim au cours des repas et entre ceux-ci. Bien que les glucides
semblent avoir un impact plus marqué sur le systéme de satiété de I'organisme
(Blundell and King, 1996), le sucré est 'un des gofts les plus puissants et qui procure
le plus de plaisir. Les lipides présentant la densité énergétique la plus importante
sont responsables de I'effet d’hyperphagie, ou surconsommation passive. Ainsi, un
régime dense en calorie et riche en lipides résulte en une hyperphagie par rapport a
un régime faible en énergie et en lipides (Kendall er aZ, 1991; Tremblay er al, 1991;
Thomas er al, 1992). Des études nutritionnelles montrent une relation entre la
réduction de I'apport lipidique et la réduction de l'apport énergétique total (Kendall
et al, 1991; Prewitt et al, 1991; Sheppard et al, 1991). D’autres études suggérent
une corrélation entre les apports en lipides alimentaires et le pourcentage de masse
grasse corporelle (Dreon et al,, 1988; Miller et al,, 1990; Tucker and Kano, 1992).

Mis a part l'effet différentiel que joue le type des macronutriments sur
Papport énergétique total et par conséquent la prise de poids, les substrats présentent
aussi une différentiation au niveau métabolique.

2.6.2. Métabolisme différentiel entre les substrats

Le type des macronutriments ingérés agit également sur la quantité
d’énergie en exces qui va étre stockée dans l'organisme. En effet, 'oxydation et le
stockage des substrats ne sont pas égaux entre les macronutriments. Il existe une
hiérarchie dans 'oxydation des substrats d’origine exogene qui dépend de la capacité
de stockage de l'organisme pour chacun d’entre eux (Flatt, 1995b). Lorsque les
apports dépassent les besoins, les substrats qui sont préférentiellement oxydés sont
ceux ayant une faible capacité de stockage. La capacité de stockage des protéines
colite environ 25% de la capacité de stockage. Celle des glucides est restreinte et
limitée au niveau des stocks de glycogéne et cotite 15% de la charge. En revanche, la
capacité de stockage des lipides, considérée comme quasi illimitée, ne cofite que 4%.
Toute consommation en exceés de glucides ou de protides stimule leurs propres
oxydations de sorte qu’a court terme, les balances glucidique et protidique sont
finement réglées. Cette régulation rapide de I'oxydation des substrats s’explique aussi
par 'importance fonctionnelle des protéines et par la dépendance du cerveau envers
les glucides.

En revanche, toute surconsommation de lipides n’est pas associée a une
augmentation immédiate de I'oxydation lipidique. Quand le rapport lipides/glucides
est altéré dans un régime alimentaire, le métabolisme des glucides est autorégulé
(Schutz er al, 1989; Shetty er al, 1994; Stubbs er al, 1995a; Jebb er al, 1996), a
Popposé avec la régulation du métabolisme lipidique qui ne I'est pas (Flatt, 1995a;
Flatt er al, 1985; Schutz er al, 1989). Dans les conditions d’excés d’apport
glucidique, il n’y a pas seulement une augmentation de l'oxydation glucidique
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(Horton et al, 1995; Stubbs er al., 1995a; Jebb er al, 1996) mais aussi une diminution
dans l'oxydation lipidique (Horton et al, 1995; Jebb er al, 1996). En revanche,
lorsqu’il y a un surplus d’apport lipidique, il n’y a quasiment pas d’augmentation
d’oxydation lipidique correspondante (Flatt et al, 1985; Schutz er al, 1989; Horton
et al, 1995). Donc, en réponse a un surplus d’apport énergétique, les lipides
s’accumulent méme avec des régimes alimentaires riches en glucides (Flatt, 1995a).

Ainsi, alors que des changements dans les apports en glucides induisent de
larges variations au niveau du stock des glycogenes qui sont rapidement ajustés par
l'oxydation glucidique, des changements d’apports en lipides ne provoquent que de
faibles variations et ne sont donc pas suivis par des modifications équivalentes de
Poxydation lipidique. D’ou le r6le important des lipides alimentaires dans la balance
énergétique.

3. ROLE MAJEUR DES LIPIDES DANS LA
BALANCE ENERGETIQUE

La lipogenése étant négligeable chez I'homme, les lipides alimentaires
représentent la source majeure de l'apport lipidique. Ainsi, ils jouent un rdle
primordial dans la balance lipidique et par conséquent dans la balance énergétique.

3.1.  Une balance lipidique positive prédit un déséquilibre de la
balance énergétique

La régulation de la balance lipidique en réponse a un repas
hypetlipidique ne s’effectue pas par une augmentation de loxydation
lipidique mais par un stockage initial (Flatt, 1995b). Pour que le stockage
soit contrebalancé, une oxydation lipidique correspondante doit étre établie
pour les lipides ingérés. Ce nouvel équilibre ne sera atteint qu’aprés une
augmentation de la masse grasse. Cette augmentation de I'adiposité
engendre, par conséquent d’effet de masse, une augmentation de la masse
maigre seule capable métaboliquement d’une oxydation lipidique
¢quivalente a 'exces d’apport de matieres grasses. Par conséquent, il existe
une relation positive entre la balance lipidique et la balance énergétique
(Schrauwen ez al., 1998) (Figure 3). En addition, puisque les mati¢res grasses
sont les macronutriments les plus denses en énergie comme discuté ci-
dessus, une augmentation de I'absorption des graisses alimentaires augmente
l'apport énergétique et ainsi meéne a un bilan énergétique positif (Astrup es
al., 2000).

20



3.2. Larégulation de I'oxydation lipidique

I1 a été rapporté que les consommateurs habituels de régimes alimentaires a
forte teneur en matieéres grasses ont une plus grande oxydation lipidique au cours du
jeline et ont une oxydation lipidique relativement plus élevée en réponse a une
charge riche en matiéres grasses que des sujets qui consomment moins de matieres
grasses habituellement (Blundell er a/, 2002). Un indice de masse corporelle élevé a
été associé a une réduction de la capacité d’augmentation de 1'oxydation lipidique,
aprés une charge de matiéres grasses (95% d'énergie en matieres grasses),
principalement chez des sujets obéses avec une faible oxydation lipidique a jeun
(Blaak er al, 2006). Ainsi, la capacité a augmenter I'oxydation des lipides suite a un
régime alimentaire dense en matiéres grasses peut contribuer a maintenir un poids
stable, ou peut prédisposer a l'obésité, si cette capacité est réduite (Schrauwen, 2007;
Zurlo et al., 1990). En effet, l'incapacité d'augmenter |'oxydation lipidique suite a un
régime alimentaire riche en matiéres grasses peut étre liée a l'incapacité d'augmenter
l'oxydation lipidique dans les conditions postabsorptives, et peut étre une
caractéristique primaire de 1'altération de la flexibilité métabolique de 1'oxydation du
substrat (Ukropcova et al, 2007). Un déséquilibre entre 1'apport de matiéres grasses
et I'oxydation lipidique, en raison de 1'altération de la capacité d’adapter I'oxydation
lipidique, peut promouvoir une balance lipidique positive et par conséquent une
balance énergétique positive. Ceci résulte en un stockage des lipides dans d'autres
tissus (musculaires) que les tissus adipeux et peut ainsi induire 1l'obésité et la
résistance a l'insuline. Cest ainsi qu'une balance lipidique positive peut déterminer
un gain de poids ultérieur.

21



150
® Normopondérés

100 O Obéses
K=l o
& a0
=
=
o 0
2
3 5o
=
L
m -100

=150

5 4 3 2 4 0 1 2 3 4 5
Balance énergétique (MJ/j)

Figure 3 : Relation entre la balance énergétique de 24h et la balance lipidique de 24h
chez des sujets obeses et des sujets normopondérés (Schrauwen er a/, 1998)
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3.3. Impact de la quantité des lipides alimentaires

Des études longitudinales suggérent qu'une augmentation de la quantité
lipidique consommée mene a une élévation du poids corporel (Popkin et al, 1995;
Paeratakul er al, 1998). Un effet significatif de la quantité de lipides dans
lalimentation sur I'indice de masse corporelle IMC a été montré : une augmentation
de 100kcal est associée a une augmentation d’environ 0.05 et 0.01 de I'IMC chez les
adolescents et les adultes, respectivement. Au contraire, une augmentation
combinée de 100kcal de glucides et de protides résulte en une augmentation de
seulement 0.01 et 0.0007 de I'IMC chez les adolescents et les adultes,
respectivement. Ces résultats mettent ainsi en avant le role majeur des lipides dans la
régulation du poids comparés aux protides et aux glucides. Dans une étude de Bray
et collégues (Bray and Popkin, 1998) basées sur des enquétes alimentaires nationales,
la quantité de lipides du régime alimentaire a été associée a la prévalence de
Pobésité.

3.4. L’influence de la nature des acides gras

La qualité des graisses alimentaires (saturées ou insaturées) influence
Porientation des acides gras vers le stockage ou l'oxydation (Feskens and van Dam,
1999). Les acides gras poly- et mono-insaturés sont plus oxydés que les acides gras
saturés, et plus la longueur de chaine carbonée est grande, moins importante sera
Poxydation des acides gras (DeLany et aZ, 2000). 11 a été montré que le pourcentage
de lipides saturés, mono-insaturés ou poly-insaturés dans le régime alimentaire peut
influencer la prise de poids. Certaines études ont montré qu'une augmentation de la
part des acides gras polyinsaturés dans l'alimentation s’accompagne d’une réduction
de la masse grasse (Couet er al, 1997) et un pourcentage élevé en graisses saturées
dans l'alimentation est associé a un tour de taille plus élevé (Doucet er al, 1998).
Une réduction de l'oxydation lipidique postprandiale et de la dépense énergétique
totale suite a un régime riche en acide palmitique (acide gras saturé) a été observée
mais aucun changement apreés un régime riche en acide oléique (acide gras mono-
insaturé) (Kien er al, 2005). En substituant les acides gras saturés (palmitate) par des
acides gras mono-insaturés (oléate) avec maintien de l'apport énergétique et
lipidique, Piers er al. (Piers et al, 2003) ont mis en évidence une perte significative
de masse corporelle et de masse grasse. Les différences de la répartition des acides
gras entre les différents types d'acides gras ont été démontrées dans des myotubes
humains en culture (Gaster et al, 2005). Les captations de l'acide oléique et
palmitique sont comparables, mais l'acide oléique est accumulé plutét comme un
acide gras intracellulaire, alors que l'acide palmitique est plus orienté vers le
stockage en triglycérides et diglycérides intramusculaires. Dans les myotubes établis
de sujets diabétiques de type 2, l'oxydation de l'acide palmitique était
intrinséquement réduite par rapport aux myotubes de sujets sains de poids normal.

3.5. L’obésité : un probléme de balance oxydative positive

L'obésité correspond a une perte de contréle de 1'équilibre énergétique de
telle sorte que dans le temps, I'exces d'énergie est stocké sous forme de graisse. La
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lipogenése étant négligeable chez I'humain, I'obésité pourrait témoigner d’une
dérégulation entre stockage et oxydation des lipides alimentaires.

3.4.1. Altérations des capacités d’oxydation et de stockage

Une altération de la capacité de l'oxydation des lipides a été observée chez
les obeses, favorisant ainsi le stockage des graisses pendant le jetine (Colberg et al,
1995) et dans les conditions postprandiales (Binnert er a/, 1998), ce qui conduit a la
Pexcés de poids. Dans l'obésité, une déréglementation entre la capacité de la -
oxydation, la glycolyse et la capacité oxydative des mitochondries peut privilégier le
glucose comme carburant a jeun plutdt que les lipides (Corpeleijn er al, 2009) et
postprandialement diminue la capacité a réprimer la lipolyse (Arner, 2005). En effet,
Poxydation des lipides alimentaires apres une charge orale de graisses est diminuée
de 50% chez le sujet obése. De fagon intéressante, chez les sujets de poids normal,
une partie importante des lipides alimentaires est retrouvée au niveau des acides gras
libres, alors que cette réponse est diminuée chez les sujets obeses, suggérant une
captation plus importante des lipides par le tissu adipeux chez ces derniers (Binnert
et al, 1998)(Figure 4). De méme, chez les rats non-obeses, les lipides exogénes sont
orientés préférentiellement vers le muscle pour y étre oxydés, alors que chez les rats
obeses Zucker, les lipides alimentaires sont essentiellement dirigés vers le tissu
adipeux (Bessesen er al, 1995). Ces réductions sont clairement montrées, dans des
conditions de stimulation comme la stimulation béta-adrénergique et 1'exercice
(Blaak er al, 1994b; Binnert et al, 1998; Blaak er al, 2000a; Blaak et al, 2000b;
Bruce et al, 2006). Chez les femmes de poids normal ou obeéses, une faible oxydation
des lipides observée dans le muscle de la jambe au cours du jetine, était liée a une
diminution du stockage du glucose au cours d’une stimulation par 1'insuline (Colberg
et al, 1995). Au cours dune stimulation béta-adrénergique, la captation et
I'oxydation des acides gras ont montré un manque d’augmentation chez des sujets
obéses par comparaison aux sujets contrdles de poids normal (Blaak er al, 1994a).
Aussi, au cours d’'une stimulation par l'insuline, la suppression de 1'oxydation des
lipides a été réduite chez les hommes et les femmes obeses (Corpeleijn er a/, 2008).
Ainsi, lorsque l'utilisation d'acides gras est altérée, elle pourrait contribuer au
stockage ectopique des matiéres grasses et a la résistance a l'insuline. Certains
auteurs ont suggéré que cette incapacité a oxyder les lipides serait causale dans
Pétiologie de lobésité, plutét qu’adaptative puisquaucune amélioration dans
Poxydation lipidique n’a été observée aprés retour a un poids normal (Blaak er al,
1994b; Kelley er al, 1999). Par conséquent, il est indispensable de déterminer les
causes de cette altération métabolique pour la mise en place de stratégies préventives
et thérapeutiques. Bien que la génétique joue un role dans la capacité individuelle a
oxyder les lipides puisque 'oxydation lipidique a été définie comme un trait familial
avec une héritabilité de 30% (Bouchard and Perusse, 1993), les altérations
environnementales, qu'ont subies nos sociétés modernes au cours du siécle dernier
peuvent étre considérées comme un déclencheur de la prévalence de 'obésité.

3.4.2. Quels sont les mécanismes potentiels pour une oxydation
lipidique réduite ?

\

L’incapacité a utiliser les lipides en tant que substrats est due a une
dérégulation du métabolisme lipidique qui se caractérise par un acheminement
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préférentiel des acides gras alimentaires vers le tissu adipeux plutdt que vers le
muscle. Cette altération métabolique pourrait impliquer une régulation différentielle
entre le tissu adipeux et le muscle de lactivité de la lipoprotéine lipase (LPL),
protéine clef dans la répartition des lipides entre les différents tissus. Aussi, une plus
grande proportion des protéines responsables du transport des acides gras a été
observée au niveau du tissu adipeux par rapport au muscle chez des individus obéses
comparés a des sujets minces (Bonen et al, 2006), indiquant une captation des
lipides plus élevée au niveau du tissu adipeux que du muscle. Le profil des types de
fibres musculaires des sujets obéses est caractérisé par une quantité plus importante
de fibres rapides glycolytiques que de fibres lentes oxydatives par rapport aux sujets
sains (Kelley er al, 2001; Oberbach er al, 2006). Aussi, il a été trouvé que le
pourcentage de masse grasse est négativement corrélé avec le pourcentage de fibres
lentes (Wade et al, 1990). L’entrée dans la mitochondrie est une autre étape qui
pourrait étre limitante dans I'oxydation des acides gras a chaine longue pour 'acces a
la béta-oxydation et le cycle tricarboxylique. Ce transport s’effectue grice a la
carnitine palmitoyl-transférase 1 (CPT1). Chez les sujets obéses et insulino-
résistants, certaines études ont montré une activité réduite de la CPT1 au niveau des
muscles (Kelley et al, 1999).
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Oxydation des lipides
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Figure 4 : Oxydation cumulative des lipides exogeénes de chaines longues durant 6h
chez des sujets obeses (n=8) et des sujets normopondérés (n=8) (d’apres Binnert et al
Am J Clin Nutr, 1998).
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4. CONCLUSION

Bien qu’une vision de I'étiologie de 'obésité repose sur un déséquilibre de la
balance énergétique, les données des paragraphes précédents mettent en évidence le
role primordial de la balance lipidique dans la régulation pondérale. Alors que
Pobésité est une maladie de stockage des acides gras a trait héréditaire, elle ne se
manifeste pas sans 'interaction des facteurs environnementaux tel un mode de vie
sédentaire. Toute intervention visant a améliorer la capacité de l'oxydation des
lipides alimentaires est bénéfique. L’activité physique en tant qu’élément modulable
de la balance énergétique pourrait jouer un role primordial dans une stratégie d’'une
amélioration métabolique et par conséquent pondérale. Le chapitre suivant met en
exergue les effets de I'activité physique en relation avec la balance lipidique.
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CHAPITRE 2

IACTIVITE
PHYSIQUE
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1. L’ACTIVITE PHYSIQUE

1.1.  Relation linéaire inverse entre l'activité physique et les
maladies du siécle

L’activité physique est considérée comme un facteur a priori favorable a la
santé. Les effets bénéfiques sur la santé des activités physiques et sportives sont
connus depuis ’Antiquité.

Au XIXe siecle, les premiers travaux scientifiques, réalisés en 1843 a
Londres, montraient que les taux de mortalité de personnes sédentaires étaient plus
élevés que ceux de travailleurs physiquement actifs. Au début des années 1950, des
auteurs comparant 30000 conducteurs et employés des chemins de fer (supposés peu
actifs physiquement) a 20000 contrdleurs (supposés actifs) trouvaient que ces
derniers étaient moins exposés a la survenue d’infarctus du myocarde (Taylor er al,
1962). Deés la fin des années 1980, un nombre conséquent de travaux semblent
conforter la relation entre activité physique et réduction de la mortalité prématurée
et montrent une relation inverse dose-réponse entre l'activité physique et la
mortalité. Ces études ont souvent distingué trois groupes de personnes selon
lintensité de leur activité : peu actifs, modérément actifs et tres actifs. L’activité
physique n’étant pas quantifiée de fagcon précise au niveau de son intensité, sa
fréquence et sa durée, il est difficile de définir un seuil utile a atteindre pour
infléchir la mortalité.

Cependant, d’apres la revue de Kesaniemi et al (Kesaniemi et al, 2001), la
plupart des études décrivent une relation linéaire inverse entre le niveau d’activité
physique et le taux de mortalité; la dose minimale effective n’est pas bien définie
mais une activité physique qui entraine une dépense de 1 000 kcal par semaine est
associée a une réduction de 30 % de la mortalité toutes causes confondues. La revue
d’Oguma et al. (Oguma et al, 2002) fait état d'un minimum de 1 680 kcals (4 200 kJ)
par semaine pour infléchir la mortalité chez les femmes. Une étude récente a porté
sur 252 925 individus retraités de 50 a 71 ans suivis entre 1995 et 2001 (Leitzmann et
al, 2007). Elle montre quune pratique a un niveau voisin de celui des
recommandations pour une activité d’intensité modérée (au moins 3 heures par
semaine) ou pour une activité d’intensité élevée (au moins 20 minutes 3 fois par
semaine) entraine une réduction du risque de mortalité de I'ordre de 30 % par

A

rapport au fait d’étre inactif.

Les individus sédentaires peuvent réduire leur risque pour de nombreuses
maladies chroniques par l'augmentation de l'activité physique. Des études ont
démontré que la perte de poids n'est pas nécessaire pour que les individus
bénéficient des effets de l'activité physique au niveau de la tolérance au glucose et la
sensibilité a l'insuline (Oshida er al, 1989; Kelley and Goodpaster, 1999; Nishida er
al, 2001). Un entrainement aérobique d'intensité modérée a eu un effet favorable
sur la tolérance au glucose chez les personnes 4gées, indépendamment de la
variation de ladiposité abdominale (DiPietro er al, 1998). L'augmentation de
Pactivité physique d’un niveau inactif a un niveau de 30 min d'activité modérée
chaque jour diminue la prévalence de certaines maladies au sein d'un méme IMC.
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1.2.  L’activité physique et le tissu adipeux : aspects physiologiques

Puisque les sujets actifs ont des quantités de tissu adipeux relativement
basses, des changements biochimiques favorisant une taille réduite du tissu adipeux
seraient favorisés avec l'activité physique. Face aux personnes sans entrainement
physique préalable, et en réponse a l'exercice d'une méme intensité, les personnes
qui ont subi un entrainement d'endurance ont une oxydation lipidique supérieure au
cours de l'exercice, sans augmentation de la lipolyse (Horowitz and Klein, 2000). Les
niveaux de catécholamines sanguins sont moindres chez les sujets entrainés pour
une méme charge de travail (Kjaer, 1998). Il semble donc que les cellules adipeuses
deviennent plus sensibles aux catécholamines. Les sujets entrainés ont une plus
grande efficacité de l'activation de la voie lipolytique-adrénergique dans le tissu
adipeux sous-cutané abdominal, méme si cette voie ne recrute pas la voie anti-
lipolytique 2-adrénergique, en réponse aux catécholamines au cours de l'exercice
(De Glisezinski et al, 2001). Une plus petite masse de tissu adipeux consécutive a
Pexercice physique suggeére une plus faible concentration de la leptine, hormone
régulatrice de I'appétit contrdlant la sensation de satiété. Chez des rats qui s’exercent
volontairement sur des roues, la leptine a été retrouvée en plus faible quantité par
rapport aux rats nourris sans roue (Nara er al, 1999). Des cytokines pourraient
également jouer un rdle dans la modulation des effets de 1'exercice sur la masse de
tissu adipeux. Le TNF-ci est augmenté dans les tissus adipeux des rats qui s’exercent
volontairement (Baba er al, 2000). Les résultats de plusieurs études cliniques et
expérimentales, résumés par Hube et Hauner (Hube and Hauner, 1999), suggérent
que le TNF-tx constituera une importante régulation autoparacrine de la fonction des
cellules adipeuses, qui sert a limiter I'expansion du tissu adipeux. Le r6le bénéfique
de lactivité physique au niveau métabolique et physiologique sur le tissu adipeux
détermine par conséquent d’effet de masse, l'effet régulateur de l'activité physique
dans la prise de poids.

1.3.  L’activité physique et la prise de poids

Des études épidémiologiques prospectives et longitudinales suggérent un
role majeur de l'activité dans la prévention de la prise de poids (Williamson et al,
1993; Haapanen et al, 1997a; Schmitz et al, 2000) et montrent que les sujets actifs
présentent moins de risque vis-a-vis de la prise de poids au cours du temps que les
sujets sédentaires. En effet, le niveau d’activité physique initial est négativement
associé a une prise de poids ultérieure (Williamson et al, 1993; Haapanen et al,
1997a; Schmitz er al, 2000). Dans une étude prospective suédoise chez des femmes
suivies pendant 6 ans, une interaction était mise en évidence entre lactivité
physique habituelle et les apports énergétiques (et en graisses): une prise de poids
plus importante était associée avec un apport énergétique (et en graisses) plus élevé
seulement dans le groupe des sujets dont l'activité physique initiale était la plus
faible (Lissner er al, 1997). Williamson et al. (Williamson et al, 1993) ont étudié
I'influence de l'activité physique dans la régulation pondérale pour une période de
longue durée qui s’étale sur 10 ans d’intervalle chez 3515 hommes et 5810 femmes.
Ils ont conclu que le niveau d’activité physique initial et durant le suivi de I'étude est
corrélé négativement a la masse corporelle. Un niveau d’activité faible a la fin de
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Pétude était trés fortement associé au gain de poids acquis durant les 10 ans.
Cependant, ils n’ont pas trouvé de relation entre le niveau d’activité initial et le
poids ultérieur. Ils ont suggéré qu'une faible activité physique pourrait étre a la fois
cause et conséquence d’une prise de poids.

Ces résultats montrent le rdle important de I'activité physique sur différents
aspects de la santé et sur la régulation pondérale. Ceci suggere que les niveaux
d’activité des individus a risque sont inférieurs a un niveau requis pour une
régulation pondérale optimale. Les recommandations sur l'activité physique incitent
a pratiquer une activité physique durant 30mn au moins 5 fois par semaine, pour
maintenir une bonne santé et prévenir un gain de poids ultérieur.

1.4. Recommandations actuelles

Chez l'adulte, plusieurs types de recommandations concernant l'activité
physique et destinées a la population générale ont été diffusés au cours des dernieres
années (Pate er al, 1995) (tableau 1). Les recommandations élaborées a la fin des
années 80, avaient pour objectif principal d’augmenter la condition physique. Le
type d’activité préconisé dans ce cas était d’intensité relativement élevée et basée sur
Pévaluation de la fréquence cardiaque maximale. Les recommandations plus
récentes, et plus pragmatiques, se sont centrées sur l'activité physique nécessaire
pour diminuer le risque de pathologie chronique en général et cardiovasculaire en
particulier. La possibilité de réaliser I'activité physique en plusieurs fois au cours de
la journée est d’'un intérét pratique évident et I'augmentation de la complaisance
dans ce cas a été rapportée ( par ex. 3 fois 10 minutes d’activité d’intensité modérée
par jour plutdt que 30 minutes en une seule fois). L’effet de ce fractionnement sur le
risque cardiovasculaire (et sur le risque d’événements coronariens en particulier)
reste cependant a démontrer.

Une difficulté est de définir ce qu’il faut entendre par « activité d’intensité
modérée ». La marche a bonne allure (marche rapide) est prise comme exemple
d’activité type dans les recommandations. Une activité d’intensité modérée peut
également étre définie comme une activité qui s’accompagne d’'une accélération de
la respiration (a la limite de l'essoufflement) sans que lindividu ne transpire
obligatoirement ou de fagon subjective (activité moyennement difficile sur I'échelle
de Borg) (tableau 2). L’activité physique minimum conseillée chez l’adulte
correspond donc a la pratique de la marche a un pas soutenu 30 minutes par jour, la
plupart, et si possible tous les jours de la semaine. Chez I'enfant, les experts ajoutent
qu'un minimum de 60 minutes (et non 30 minutes) par jour d’activités physiques
d’intensité modérée ou plus élevée est souhaitable chez les jeunes, sous forme de
sports, de jeux ou d’activités de la vie quotidienne (Biddle and Fox, 1998). De
nouvelles recommandations issues en 2007 ont souligné I'importance d’augmenter
toutes sortes d’activités en plus des 30 minutes d’exercice structuré (ACSM, 2007).
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1.5. Lesrecommmandations actuelles et la régulation pondérale

Aprés la lére Conférence «Stock conference» faite par l'association
internationale d’études sur I'obésité IASO a Bangkok en 2002 (Saris et al, 2003) qui
s'est tenue principalement pour discuter de la question: «Combien d'activité
physique faut-il pour empécher le gain de poids? », les experts ont conclu que
«l'actuelle ligne directrice pour l'activité physique des adultes, suffisante pour
limiter les risques pour la santé pour un certain nombre de maladies chroniques y
compris les maladies coronariennes et le diabéte, est de 30 minutes d'activité
d'intensité modérée par jour, de préférence tous les jours de la semaine. Toutefois,
pour prévenir le gain ou la reprise de poids, cette directive est susceptible d'étre
insuffisante pour de nombreuses personnes dans 1'environnement actuel ». Il existe
des preuves que la prévention de reprise de poids retrouvée chez les personnes post-
obeses exige 60-90 minutes d’activité d'intensité modérée ou une moindre durée
d'activité d’intensité vigoureuse. Bien que les données définitives fassent encore
défaut, il semble probable qu’une activité d'intensité modérée d'environ 45 -60
minutes par jour, soit 8 un PAL de 1,7 est nécessaire pour empécher le passage a la
surcharge pondérale ou a l'obésité. Ceci a été confirmé en 2007 par 'ACSM et
lassociation américaine d’étude des maladies du cceur (American Heart Association,
AHA) qui ont publié conjointement une mise a jour des recommandations d’activité
physique pour le maintien de la santé de 1995 (Haskell ez a/, 2007).

Il a été prouvé que la marche est un facteur important dans 'amélioration
de profil de risques métaboliques. En outre, il semble plus facile pour les sédentaires
ou les personnes obéses d’adhérer a des interventions de santé publique promouvant
la marche plutdt que I'exercice. Dans cette ligne, Rodearmel et al. (Rodearmel et al,
2006) suggere d'ajouter 2000 pas par jour a l'activité quotidienne pour éviter une
prise de poids. Toutefois, le déficit de l'activité physique spontanée dans 1'obésité est
plus proche de 2-3h de marche a pied tout au long de la journée correspondant a
2000-2500 kcal / semaine (Levine and Kotz, 2005). En termes quantitatifs, une heure
supplémentaire par jour de marche a un bon pas était associée a une diminution
d’environ 25 % du risque de devenir obese (IMC>30 kg/m?2) aprés 6 ans de suivi chez
les femmes de I’étude des infirmiéres américaines (Nurses’ Health Study)(Hu er al,
2003).
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Recommandations Recommandations
« traditionnelles » « actuelles »

3 — 5 jours par semaine 6 — 7 jours par semaine

60 — 90 % de la fréquence
cardiaque maximale (50- Modérée (3 — 6 METS* ou
85% de la puissance aérobie 4 — 7 kcal/min)

maximale, VO2max)

20 — 60 minutes en une fois | > 30 minutes /jour en une
d’activité d’endurance ou plusieurs fois

Toute activité pouvant

étre réalisée d’'intensité

comparable a la marche
rapide

Toute activité utilisant les
grands groupes musculaires
(course, vélo, natation...)

Tableau 1 : Evolution des recommandations d’activité physique pour la population générale
(Adulte)

*MET : équivalent métabolique (rapport du colit énergétique d’une activité donnée a la
dépense énergétique au repos)

Source : Activité physique et santé : Arguments scientifiques, pistes pratiques. Programme
National Nutrition Santé .Ministere de la Santé et des Solidarités.2005
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VOmmax (%) Fréquence
Fréquence € Echelle de
) cardiaque
cardiaque de maximale (%) Borg
réserve (%)
<25 <30 <9
25-44 30 - 49 9-10
45 -59 50 - 69 11-12
60 - 84 70 - 89 13-16
> 85 >90 > 16
100 100 20

Tableau 2 : Classification de I'intensité de l'activité physique (activités d’endurance)
— intensité relative

Echelle de Borg : échelle d’évaluation de l'effort pergu (de 6 a 20)

Source : Surgeon General Report (consultable sur le site www.healthfinder.gov)
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1.6. Mécanismes de l'effet de I'activité physique per se

La pratique de l'activité physique peut étre accompagnée ou non d’une perte
de poids. Toutefois, il n’est pas nécessaire de perdre du poids pour pouvoir bénéficier
de certains effets métaboliques de I'activité physique.

L'activité physique per se peut améliorer la sensibilité a l'insuline et la
flexibilité métabolique postprandiale (Corpeleijn et al, 2009). La flexibilité
métabolique est définie comme la capacité de basculer de 1'oxydation des lipides a
loxydation des glucides apres stimulation par l'insuline, et d’augmenter 1'oxydation
des lipides a jeun, qui reflete en quelque sorte la capacité d'augmenter 1'oxydation
des lipides en général. La capacité a augmenter 1'oxydation des lipides au cours de
I'exercice peut également refléter la capacité d'augmenter 1'oxydation des lipides en
général. L'activité physique per se peut améliorer la sensibilité a l'insuline et la
flexibilité métabolique postprandiale a travers des changements des intermédiaires
des lipides comme les diglycérides et les triglycérides (Bruce er al, 2006), par
l'intermédiaire des changements de systéme de détection des substrats du malonyl-
CoA (Kuhl er al, 2006), et via les fonctions mitochondriales (Bruce er al, 2006;
Kiens, 2006).

L'exercice peut améliorer la sensibilité a l'insuline et la flexibilité
métabolique grice a des mécanismes aigus et chroniques mais les effets de I'exercise
sont moins visibles chez des sujets obeses ou diabétiques. En effet, des études chez
des sujets diabétiques ou intolérants au glucose montrent que l'utilisation d'acides
gras est réduite au cours de l'exercice (Blaak er al, 2000a; Mensink ez al, 2001). Au
cours de 1 h a vélo, a 50% de la capacité aérobique maximale, la réponse aigue de
Poxydation des acides gras est comparable entre les sujets obeses, les sujets
intolérants au glucose IGT et les sujets ayant le diabete du type 2 T2D, mais
l'utilisation des acides gras plasmatiques a été réduite pour les sujets IGT et T2D
(Blaak er al, 2000a; Mensink et al, 2001). En revanche, chez des hommes
normopondérés non diabétiques et moyennement entrainés, un exercice aigu (1 h, a
65% de la capacité aérobique maximale) a stimulé I'activation de la protéine kinase
par I'a2-AMP et l'inhibition de I'acétyl-CoA carboxylase ACC. Les concentrations
du malonyl-CoA et de 1'acétyl-CoA dans le muscle squelettique ont diminué et par
conséquent l'oxydation des lipides dans les muscles des jambes a été augmenté
(Roepstorff er al, 2005). En effet, une diminution de la production de malonyl-CoA,
par la réduction de l'activité ACC- et/ou l'augmentation de l'activité du malonyl-
CoA decarboxylase-1, est bénéfique pour la captation des acides gras dans les
mitochondries a travers la désinhibition de la carnitine palmitoyltransferase I CPT-
1, stimulant ainsi l'oxydation des lipides. En outre, I'exercise aigu a empéché la
résistance a l'insuline induite par les acides gras chez des femmes saines accompagné
d’'une augmentation de Dexpression protéique des enzymes de la DAG
acyltransférase, l'acyltransférase glycérol-3-phosphate mitochondriale et le A9-
désaturase. Aussi, 'acheminement des acides gras vers le stockage réduit les niveaux
de céramide et des DAG, mais augmente les niveaux des IMTG (Schenk and
Horowitz, 2007).
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Effets d’un exercice aigu Effets de I'entrainement

Tolérance au G (corps entier)

-post exercice : HGPO 1 1
-post exercice : repas 1
Utilisation du G (corps entier) “ 1
Transport du G musculaire stimulée par insuline 1 1
Translocation de GLUT-4 1 1
Expression de GLUT-4 > 1
Récepteur insuline stimulé par insuline

-expression de protéine - P
-phosphorylation de tyrosine i 1
PI-3 kinase stimulée par insuline

-expression de la protéine ND ND
-activité > 1
Akt/PKB stimulée par insuline

-expression de la protéine ND ND
-activité ND —

G : Glucose ; HGPO : Hyperglycémie provoquée par voie orale ; 1 : Augmenté ; «: Inchangé ;
ND : Non déterminé

Tableau 3 : Récapitulatif des effets d’'un exercice aigu (mesure en post-exercice immédiat) et
de T'entralnement en endurance (mesures 48 h apres le dernier exercice) sur la captation du
glucose et I'action musculaire de l'insuline chez 'homme et I'animal (d’aprés Henriksen,

2002; Zierath, 2002)
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L’exercice chronique, a faible intensité (40% VO2max, durant 12 semaines)
a tendance a accroitre 1'oxydation totale des lipides, au cours de I'exercice, mais pas
pendant le jetine, chez des sujets sains entrainés (Schrauwen et al, 2002) et chez les
hommes obeéses (van Aggel-Leijssen er a/, 2002). Cela n’était pas du a 'oxydation des
acides gras libres plasmatiques mais plus vraisemblablement & 'augmentation de
loxydation des dérivés des IMTG ou des dérivés des TG plasmatiques. Chez les
hommes sains, une diminution (-36%) des ARNm de ’ACC a été observée apres
Pentrainement, en faveur de 1'oxydation des lipides. Chez les sujets 4gés (7 74 ans),
caractérisés par un taux réduit d'oxydation des lipides, un entrainement d'endurance
de 16 semaines a augmenté le taux d'oxydation des lipides au cours de 1'exercice (Sial
et al, 1998). Un fait intéressant a été retrouvé, a savoir que 'exercice chronique a
réduit la concentration des IMTG a des niveaux semblables a ceux des sujets de poids
normal, et a amélioré 1'oxydation totale des lipides au cours de 1'exercice, mais a
échoué a restaurer complétement la sensibilité a 1'insuline chez les diabétiques par
rapport aux sujets controles avec des concentrations de IMTG correspondants (Bruce
et al, 2004). D'autre part, un entrainement d'endurance chez des sujets obéses a
permis 'amélioration de l'activité de CPT-1 et a réduit la sensibilité de CPT-1 pour
la malonyl-CoA, mais n'a pas changé la concentration des IMTG, bien que les DAG
et les DAG saturés ont tendance a étre réduits (-15%, P = 0,06 et -27%, P = 0,06
respectivement) (Bruce er al, 2006). Le méme manque de variation de la
concentration des IMTG aprés lexercice a été trouvé précédemment chez des
hommes en surpoids et obeéses, indiquant néanmoins une amélioration de
l'oxydation des lipides a jeun et de la sensibilité a l'insuline (Gan ez al, 2003). Une
explication probable est que l'amélioration (dans les muscles) de 1'oxydation des
lipides rétablit 1'équilibre entre la captation et I'oxydation des acides gras, réduisant
ainsi les taux des lipides intermédiaires (acyl-CoA lipidique, DAG, céramide) et
améliorant la sensibilité a l'insuline.

En conclusion, lexercice chronique améliore la capacité du muscle
squelettique a utiliser les acides gras comme carburant au cours de l'exercice, et dans
certains cas, permet aussi d'améliorer 1'oxydation des lipides au cours du jetine, ce
qui indique une amélioration de la flexibilité métabolique (Corpeleijn er al, 2009).
La flexibilité métabolique améliore les régulations de 1'équilibre entre la captation
des acides gras, 1'oxydation et le turnover des IMTG dans le muscle squelettique, la
réduction des lipides intermédiaires, ce qui permet d'améliorer ainsi la sensibilité a
I'insuline. Cependant, les modifications engendrées par I'effet combiné de la perte de
poids et de I'activité physique peuvent différer de I'effet de 'activité physique per se.
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1.7.  Effet combiné de l'activité physique et du régime alimentaire

Dans la plupart des études d'intervention, des conseils diététiques, de
l'activité physique et/ou de restriction de 1'énergie sont combinés. Goodpaster et al.
(Goodpaster et al, 2003) ont procédé a une étude de combinaison d’activité
physique et d’un régime alimentaire chez des sujets obéses. Ce programme combiné
a amélioré 1'oxydation de lipides au cours du jeline ainsi que la bascule médiée par
Iinsuline de l'oxydation des lipides en oxydation des glucides. Les améliorations
apportées a 1'oxydation des lipides a jeun ont été fortement liées a 1'amélioration de
la sensibilité a l'insuline (Goodpaster ez a/, 2003).

Mensink et al. (Mensink er al, 2003) ont montré qu'un régime alimentaire
combiné a l'exercice chez des sujets en surpoids intolérants au glucose permet une
amélioration de la sensibilité a 1'insuline apres 1 an d'intervention, accompagnée par
une réduction dans le muscle de l'expression de 'ARNm de l'acétyl-CoA
carboxylase-2 (ACC2) (Mensink er al, 2003). En outre, les sujets intolérants au
glucose qui ont subi l'intervention ont été en mesure de maintenir ou méme
améliorer légérement la capacité d'oxyder les acides gras au cours de 1'exercice (en
raison de l'amélioration de l'oxydation des acides gras plasmatiques), et donc de
maintenir la flexibilité métabolique, alors que chez les sujets intolérants au glucose
du groupe témoin, 1'oxydation des acides gras a été réduite (Mensink et al, 2005).

La perte de poids a elle seule permet l'amélioration de la sensibilité a
l'insuline et réduit 1'accumulation de triglycérides intramusculaires, mais la perte de
poids associée a l'exercice améliore la capacité aérobique, augmente le contenu
mitochondrial et améliore la chalne d’activité de transport d'électrons dans le
muscle squelettique des sujets obeses sédentaires (Toledo er a/, 2008). I semble que
la perte de poids toute seule est efficace pour améliorer la sensibilité a l'insuline,
mais elle est plus susceptible d'améliorer 1'oxydation des lipides et les fonctions
mitochondriales pendant le jetine si elle est combinée avec l'activité physique.

2. INTERACTION DE L’ACTIVITE PHYSIQUE
ET DES LIPIDES

2.1.  Existerait-il un continuum entre l’activité physique et le
devenir des lipides alimentaires?

L’exercice physique pourrait favoriser la redistribution des lipides
alimentaires au profit des muscles pour y étre oxydés, par rapport au tissu adipeux
(stockage) (Calles-Escandon er al, 1996; Friedlander er al, 1998). Comme discuté
auparavant, I'obésité est caractérisée par une oxydation lipidique réduite suggérant
une incapacité a s’adapter rapidement a des régimes riches en lipides (Astrup et al,
1994). Aussi, une association entre le gain de poids et l'apport en lipides a été
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observée seulement chez des sujets présentant un niveau d’activité physique faible
(Lissner and Heitmann, 1995). Olsen er al (Olsen et al, 2008) ont montré que la
réduction de la marche quotidienne pendant 2 a 3 semaines a 1500 pas de la
fourchette recommandée pour les adultes d'environ 10 000 ou de 6000 marches
développe des changements métaboliques en diminuant la sensibilité a l'insuline, en
réduisant le métabolisme lipidique postprandial et en entrainant des changements
physiques qui suggérent que les calories utilisées pour maintenir la masse musculaire
durant une marche plus intense ont été reconduites dans la formation de la masse
grasse viscérale. Cela suggere que la surcharge pondérale résulte d'une incapacité a
ajuster I'oxydation lipidique assez rapidement en réponse a une surconsommation
lipidique.

Cette capacité réduite d’adaptation de 'oxydation lipidique face a un régime
hyperlipidique pourrait étre due a de faibles variations dans les stocks de glycogene.
L’exercice pourrait donc moduler l'oxydation lipidique suite a une diminution de la
réserve glycogénique. Schrauwen er al. (Schrauwen er al,, 1998) ont montré que la
pratique d’'un exercice physique intense destiné a épuiser les stocks de glycogene
avant de recevoir un repas riche en lipides permet aux personnes obeses d’ajuster sur
une période de temps plus rapide leur balance énergétique et lipidique. Smith ez al
(Smith er al, 2000b) ont mis en évidence le rdle de I'activité physique dans la vitesse
d’ajustement de la balance lipidique. Dans cette étude dans laquelle les sujets sont en
inactivité dans une chambre calorimétrique, alors que certains participants sont
capables de s’adapter en un jour au régime eucalorique hyperlipidique, d’autres n’ont
pas amorcé un semblant d’adaptation. Néanmoins, ils ont mis en évidence que la
capacité aérobique (VO2max) des volontaires est corrélée négativement a la balance
lipidique. Smith er al (Smith er al, 2000a) a répété la méme expérience mais avec
une seule différence qui est le fait que les volontaires devaient pratiquer une activité
physique dans la chambre calorimétrique afin d’atteindre un niveau d’activité
physique de 1,8. Dans de telles conditions d’activité physique, tous les sujets de
Iétude adaptent leur oxydation lipidique en réponse au régime riche en lipides en
un seul jour.

En d’autres termes, la variabilité interindividuelle (reflétant la variabilité
génétique) observée en réponse a un régime obésigéne disparait lorsqu'un certain
niveau d’activité physique est maintenu. Aussi, le temps nécessaire pour ajuster
Poxydation lipidique a la suite d’'une augmentation de lipides dans le régime
alimentaire est d’autant plus réduit que le niveau d’activité physique est élevé
(Hansen er a/, 2007) (figure 5). Une étude similaire a récemment été menée chez la
femme et a testé l'effet de trois niveaux d’activité physique distincts 1,4, 1,6 et 1,8
(Hansen er al, 2007) sur I'adaptation métabolique. Les auteurs ont montré que le
temps nécessaire pour ajuster 'oxydation lipidique a la suite d’'une augmentation de
30% a 50% de la proportion de lipides dans le régime alimentaire est d’autant plus
réduit que le niveau d’activité physique est élevé. Stubbs et al. (Stubbs et al, 2004) a
effectué une étude de 7 jours au cours de laquelle la dépense énergétique totale était
bloquée a environ 1,4 et 1,8 x la dépense énergétique de repos et les sujets ont été
nourris ad libitum. Le septiéme jour, la balance énergétique cumulative était de 26,3
et 11,1 MJ, respectivement, et la plupart de I'exces d'énergie était stockée sous la
forme de graisse.

Dans cette perspective, Levine er al/ ont montré que la variabilité
interindividuelle dans la prise de poids en réponse a une surnutrition lipidique est
liée a la modulation de l'activité spontanée (Levine er al, 1999). Ainsi, les sujets qui
prennent le moins de poids lorsqu’ils sont soumis & deux mois de surnutrition de
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1000 kcal/j sont ceux qui augmentent le plus leur activité. Ainsi, toute sorte
d’activité physique pourrait étre bénéfique. Mis a part les activités du type structuré
(activité volontaire d’exercices physiques), une corrélation négative a été montrée
entre l'adiposité et 'activité du type spontanée (toutes actions de la vie quotidienne)
(Kotz and Levine, 2005).

L’ensemble de ces données suggerent que le niveau d’activité physique
module l'oxydation totale des lipides (figure 6). Il est moins clair si cette relation
s’applique aussi sur I'oxydation des lipides exogénes, qui représentent la seule source
lipidique pour le corps en tenant compte que la lipogenése est négligeable chez
I'homme. Une démonstration claire de cette hypothése reste a mettre en evidence.
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Figure 5 : Les moyennes des niveaux d’activité physique (PAL) en fonction de variations moyennes du
ratio d'échange respiratoire non protéique (NPRQ) entre le régime alimentaire de faible teneur en
lipides (LF) et le jour 4 de l'alimentation riche en lipides (HF4) pour les traitements individuels:
sédentaires (SED), 1 h exercice / j (EX1) et 2 h exercice / j (EX2). Un modele a effets aléatoires utilisé
pour analyser la relation entre la variation de NPRQ et PAL a abouti a une droite de régression avec
une pente différente de zéro (d’aprés Hansen, K. C er al. Am ] Clin Nutr 2007).
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Figure 6: Relations hypothétiques entre la dépense énergétique liée a lactivité physique
spontanée, la régulation de la masse grasse, l'oxydation des lipides exogénes et la tolérance a
un régime hyperlipidique exprimée en pourcentage de lipide alimentaire ingéré associé avec
une balance énergétique stable (adapté de Stubbs er al. (Stubbs er al, 1995b) et Levine et al
(Levine er al., 1999).
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2.2. Durée, intensité et type d’exercice : effet sur I'oxydation
lipidique

Les effets d'un exercice physique aigu different des effets d’'un entrainement
physique chronique. Il est supposé que I'exercice a un effet de courte durée sur le
métabolisme des lipides (Schenk and Horowitz, 2007). Les effets de désentrainement
renforcent la constatation que lexercice n’influence pas significativement le
métabolisme des triglycérides, en 'absence de I'effet aigu d’'un exercice et que tout
effet bénéfique serait de courte durée (Gill and Hardman, 2003). Certaines études
n’ont montré aucune modification du taux des acides gras libres ni sur I'expression
de geénes impliqués dans la régulation du métabolisme lipidique, apres trois mois
d’entrainement (Richterova er al, 2004). Néanmoins, U'entrainement pourrait étre
bénéfique sur le métabolisme des triglycérides, sur de longues durées puisque les
sujets actifs dépensent plus d’énergie durant une session d’exercice que les sujets
sédentaires (Gill and Hardman, 2003). Votruba er al (Votruba er al, 2003) ont
montré qu'un pré-exercice augmente significativement l'oxydation des lipides
exogeénes. Cependant, les effets d'un entrainement physique, mis a part les effets
aigus, sur I'acheminement des acides gras exogénes n’a pas retenu suffisamment
d’attention et la plupart des études se sont concentrées sur les effets de I'exercice sur
Poxydation totale ou plasmatique des lipides (Schrauwen et al, 2002).

Compte tenu des différences interindividuelles d’aptitude physique, un
exercice de puissance absolue donnée n’entrainera pas les mémes réponses de
Porganisme et n’impliquera pas les mémes filieres énergétiques chez tous les sujets.
La puissance maximale aérobie est définie comme la puissance d’exercice qui
entraine la consommation maximale d’oxygéne que le sujet est capable d’atteindre
(VO2 max). Le VO2 max représente les capacités maximales de distribution et de
transport de 'oxygene par le sang et d’extraction de I'oxygeéne par le muscle. Elle est
une simple mesure de I'aptitude aérobie. La puissance de travail peut étre augmentée
au-dela de ce niveau mais en sollicitant le métabolisme anaérobie. Lors d'un exercice
en endurance, la proportion de la dépense énergétique dérivée de 'oxydation des
lipides diminue au fur et & mesure que l'intensité de I'exercice augmente. L’inverse
se produit pour les glucides. En théorie, le niveau le plus élevé d’oxydation des
lipides, est observé pour des activités d’intensité moyenne correspondant a 50-60%
du VO: max (Brooks and Mercier, 1994; Achten er al, 2002). La participation
relative de I'un ou l‘autre des substrats dépend en grande partie de la puissance
développée : la béta-oxydation et l'utilisation des lipides sont prépondérantes pour
une puissance faible. La participation glycolytique est de plus en plus importante au
fur et a mesure que la puissance augmente, jusqu’ a devenir exclusive pour des
puissances proches de la puissance aérobie maximale. Il faut noter que pour des
puissances comprises entre 50 et 100% de la puissance maximale aérobie, la cellule
musculaire est progressivement obligée de faire appel a la glycolyse anaérobie pour
couvrir les besoins énergétiques. Aussi, il semble aussi que l'effet bénéfique de
Pexercice est maintenu si 'exercice est pratiqué en une seule fois ou si pour une
durée équivalente, 'exercice est fractionné. Ainsi, 30 minutes de marche, entrepris
dans une session ou accumulé pendant toute une journée, augmente d'un degré
similaire I'oxydation postprandiale des lipides (Murphy ez aZ, 2000).

I1 est important de noter que les phases post-exercice ont également une

influence sur I'oxydation des lipides, probablement en raison de la reconstitution des
stocks de glycogeéne (Borsheim and Bahr, 2003). Des études ont signalé une
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augmentation de l'oxydation lipidique et une lipémie postprandiale atténuée apres
deux types d’exercice : endurance et résistance (Gill and Hardman, 2003; Horton er
al, 1998; Petitt er al, 2003). L’exercice de résistance oxyde plus de lipides quun
exercice aérobique isocalorique. Cependant, I'exercice de résistance augmente moins
la dépense énergétique totale que I'exercice en endurance.

En conclusion, la dépense énergétique de 'activité engendrée par l'intensité
et la durée de 'exercice semble étre le principal facteur influant sur 1'oxydation de
lipides (Tsetsonis and Hardman, 1996a, 1996b). Néanmoins, en dépit de la période de
post-exercice, les effets aigus de l'exercice doivent étre clairement distincts des
adaptations chroniques a I'entrainement.

2.3. Interaction du niveau d’activité physique avec la nature des
acides gras

Une relation positive entre 'oxydation des lipides et le niveau d’activité
physique semble étre subtile et dépend des propriétés biochimiques des acides gras
ingérés. Votruba er al (Votruba et al, 2002) ont reporté que 'exercice augmente
significativement I'oxydation de l'acide oléique, qui est l'acide gras mono-insaturé
principal dans le régime alimentaire, mais n’affecte pas l'oxydation de l'acide
palmitique alimentaire, 'acide gras principal parmi les acides gras saturés. L’exercice
est donc associé a une augmentation des fractions d’acide oléique (Andersson et al,
1998). En effet, Paugmentation de l'activité physique est associée avec une
augmentation de l'activité de I'A5-désaturase dans les phospholipides du muscle
squelettique (Andersson et al, 1998; Andersson et al, 2000). L’activité de I'A5-
désaturase contribue a la production d'acides gras fortement insaturés (Nakamura
and Nara, 2004) qui sont des ligands pour les facteurs de transcription comme les
PPAR et la protéine régulatrice de la liaison au stérol, impliquée dans la lipogenese
et 'oxydation des acides gras (Jump and Clarke, 1999). Anderson et a/. (Andersson et
al, 1998) ont trouvé qu'un entrainement régulier a une faible intensité affecte la
composition des acides gras dans les phospholipides du muscle squelettique chez des
hommes sédentaires. Dans les phospholipides du muscle, ils ont noté une réduction
du pourcentage de l'acide palmitique (16:0), une augmentation de l'acide oléique
[18:1(n-9)] et une diminution dans les n-6 acides gras polyinsaturés apres
I'entrainement. Contrairement a Anderson et al. (Andersson et al,, 1998) et a Helge
et al. (Helge et al,, 1999), qui tous les deux ont trouvé une modification du profil des
acides gras dans les phospholipides du muscle squelettique aprés un entrainement,
Kriketos et al. (Kriketos et al, 1995) n’ont pas observé un changement significatif
dans la composition lipidique des membranes chez les rats entrainés.

Dans une autre étude comparant des sujets entrainés a des sujets
désentrainés au niveau du profil des acides gras dans le muscle, apres 8 semaines
d’un régime alimentaire contrdlé, Anderson et al (Andersson et al, 2000) ont trouvé
une faible proportion d’acide palmitique (16:0) et d’acide linoléique et une
augmentation de l'acide stéarique (18:0) chez le groupe entrainé par rapport au
groupe désentrainé. Cette différence n’était pas expliquée par un changement dans la
distribution de type des fibres musculaires, mais était plutét une conséquence directe
de changement dans le métabolisme lipidique d@t a un niveau d’activité supérieur.
Une faible proportion d’acide palmitique (16:0) et une augmentation de l'acide
stéarique (18:0) dans le muscle, ont été observées aussi dans une étude comparant
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des sujets entrainés a des sujets sédentaires (Thomas er al, 1977). L’exercice régulier
induit aussi une réduction de l'acide palmitique 16:0 dans le muscle quadriceps chez
les rats (Helge er al, 1999).

La proportion de I'acide palmitique (16:0) dans les phospholipides du muscle
squelettique est corrélée négativement a la sensibilité a 'insuline (Vessby er al,
1994). Dans I'étude de Thomas et al (Thomas et al, 1977), la proportion de I'acide
stéarique (18:0) dans la membrane du muscle squelettique est corrélée positivement
a la distance parcourue par semaine dans le groupe entrainé. Le ratio 18:0/16:0 dans
le muscle squelettique, reflétant I'activité de 'enzyme élongase de la biosynthése des
acides gras, est corrélé positivement a la sensibilité a 'insuline (Clore et al, 1998).

Bergouignan er al. (Bergouignan et a/, 2006; Bergouignan et al., 2009b) ont
montré que l'inactivité physique induite par un alitement prolongé n’altére pas
l'oxydation de I'oléate mais diminue 'oxydation du palmitate chez des sujets sains.
La réduction de l'oxydation du palmitate est corrélée a I'augmentation de la masse
grasse dans le muscle. Comme l'absorption et la clairance des acides gras mono-
insaturés et saturés n’étaient pas affectées, ces résultats indiquaient que la réduction
de loxydation du palmitate peut étre expliquée en partie par une répartition
préférentielle du palmitate pour étre stocké dans le muscle (Bergouignan er al,
2009b). Cet acheminement vers le muscle peut étre dii & une capacité oxydative
réduite des acides gras saturés au niveau des mitochondries et/ou une incorporation
élevée des acides gras saturés dans les lipides des myocytes.

Les mécanismes de changements de la composition des acides gras dans le
muscle squelettique aprés une modulation de l'activité physique, qu’ils soient diis a
une oxydation préférentielle de certains acides gras, des changements dans le taux de
transport ou les activités enzymatiques, ou d’autres causes, restent cependant a étre
élucidés. Ceci est d'une grande importance sachant que les acides gras saturés sont
associés a une augmentation du risque d’obésité de diabeéte (Gonzalez er al, 2000;
Votruba et al, 2002; Petitt et al, 2003), probablement df a une oxydation réduite
(Williams er aZ, 2000) et a une accumulation au niveau du tissu adipeux (DeLany et
al,, 2000; Brunner et al., 2001) et dans les lipides intermédiaires du muscle (Garaulet
et al, 2001; Sabin er al, 2007), comparés aux acides gras mono-insaturés. Au
contraire, les acides gras mono-insaturés sont considérés protecteurs contre le
développement de l'obésité et la résistance a l'insuline (Gonzalez et al, 2000;
Votruba er al, 2002; Petitt et al,, 2003).

Si le niveau d’activité physique est capable de moduler le devenir des lipides
alimentaires indépendamment de leur nature reste encore a étre élucidé.
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Figure 7 : Effet de I'inactivité extréme (alitement de trois mois) sans (Control group) ou avec exercice
(Exercice group) sur l'oxydation du palmitate et de l'oléate. Tandis que l'oxydation de l'oléate est
significativement altérée, 'oxydation du palmitate n’est pas affectée (d’apreés Bergouignan et al Plos
Clinical Trials 2006).
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3. CONCLUSION

Au cours du siécle dernier, la prévalence de I'obésité a augmenté d'une
fagon exponentielle. Cette augmentation était parallele avec la révolution
industrielle et les progres technologiques, induisant une réduction du cofit de la vie
et incitant les personnes a étre moins actives. De ce fait, on peut suggérer que
Paugmentation de la proportion des individus qui prennent du poids, au-dela du rdle
de la génétique, pourrait étre secondaire a une adoption d'un mode de vie
sédentaire. Ainsi, le niveau d’activité physique est passé en dessous d’un seuil requis
pour assurer une régulation adéquate de la balance énergétique et par conséquent de

la régulation pondérale.

Les données de la littérature résumées dans les paragraphes précédents
montrent que l'activité physique, en tant que composante la plus modulable de la
dépense énergétique totale, pourrait jouer un réle clef dans la balance énergétique et
la balance lipidique. La lipogenése étant négligeable chez I’homme, les lipides
exogeénes jouent un réle clef dans la balance lipidique. Cependant, bien que le réle
de l'activité physique ait été bien démontré en relation avec la balance lipidique, il
est moins évident que le niveau d’activité physique module le devenir des lipides
alimentaires et nous disposons de peu de données concernant I'effet de la variation
du niveau d’activité physique habituelle sur 'oxydation et la répartition des lipides
alimentaires. Une telle relation, si elle est démontrée, est primordiale quant au réle
de l'activité physique dans les contextes de prévention et de traitement de 'obésité
et des troubles métaboliques associés a la sédentarité.
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Alors que la plupart des études se sont limitées a I'étude du métabolisme
lipidique total, nous nous sommes intéressés dans cette these a l'impact de la
modulation du niveau d’activité physique chez 'homme normopondéré et en
surpoids sur le métabolisme postprandial des lipides exogénes. L’objectif global de ce
travail de theése a été d’étudier, chez 'homme normopondéré et en surpoids, les
mécanismes par lesquels une dépense énergétique liée a I'activité physique, basse ou
élevée, module 'oxydation des lipides alimentaires en portant une attention toute
particuliére a I'évaluation des recommandations actuelles sur le niveau d’activité
physique.

Nous avons émis les hypothéses suivantes :

e Le niveau d’activité physique, indépendamment de ses effets sur la balance
énergétique, prédit loxydation des lipides exogénes en favorisant
lacheminement des graisses alimentaires vers le stockage dans le tissu
adipeux au détriment de 'oxydation dans le muscle, lorsqu’il est maintenu a
un niveau bas, et en améliorant 'oxydation des lipides exogeéne lors d’'une
augmentation de la dépense énergétique.

e Indépendamment de I'état d’obésité, seul un entrainement physique qui
augmente de facon significative la dépense énergétique est capable de
contrebalancer les effets de l'inactivité physique sur le devenir des lipides
alimentaires et sur les mécanismes cellulaires sous-jacents. En d’autres
termes, nous n’attendons pas d’effet majeur du seul entrainement physique
basé sur les recommandations actuelles.

e Les acides gras alimentaires saturés sont davantage orientés vers le stockage
dans les triglycérides musculaires et adipeux que les mono-insaturés,
excepté lors de dépenses énergétiques élevées.

Nous avons testé l'effet direct d'un mois d’inactivité physique et de deux
mois d’entrainement basé sur les recommandations actuelles sur 'oxydation des
lipides totaux et exogenes.

Plus spécifiquement, nous avons cherché a déterminer leffet de
I'inactivité /activité physique sur le devenir des principaux lipides alimentaires de
notre alimentation occidentale, a savoir l'acide oléique (38% de I'énergie ingérée) et
palmitique (20% de I'énergie ingérée).

Les objectifs spécifiques sont de déterminer les effets de la modulation de I'activité
sur :

e La dépense énergétique totale et la dépense énergétique liée a I'activité (activité
liée a 'exercice structuré versus. activité spontanée)

e La composition corporelle

e Lalipémie

e L’oxydation des lipides totaux en conditions postabsorptives et postprandiales

e L’oxydation de I'oléate et du palmitate exogenes représentant les principaux
acides gras monoinsaturés et saturés de I'alimentation humaine
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e La répartition de l'oléate et du palmitate dans les différentes fractions lipidiques
du plasma
e L’expression génomique des génes impliqués dans le métabolisme lipidique
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RESULTATS

Vélo sous le clair de lune 4" Alfred Gockel
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CHAPITRE 4

Effects of moderate physical activity

and detraining on exogenous
saturated and monounsaturated fatty
acids repartition

Momken Iman, Antoun Edwina, Platat Carine,
Simon Chantal & Blanc Stephane

Diabetes, en préparation

57



58



Résumé

Introduction

La régulation de 'apport alimentaire est flexible. Ainsi, toute augmentation
de dépense énergétique due a une activité physique est automatiquement suivie par
une équivalente régulation en apport calorique. Cette supposition montre clairement
le role de Tactivité physique comme facteur dans la régulation du poids. Dans les
années 1950, Jean Mayer et al ont avancé I'hypothése qu’il existerait un seuil
d’activité physique en dessous duquel les mécanismes de régulation du poids sont
inopérants, ce qui conduit a une augmentation du poids corporel. Bien qu'une vision
d’un gain de poids repose sur un déséquilibre de la balance énergétique, la balance
lipidique joue un réle primordial dans la régulation pondérale. La lipogeneése étant
négligeable chez 'homme, les lipides exogénes représentent la majeure source dans
la balance lipidique. Cependant, alors que le réle de I'activité physique a été bien
démontré en relation avec la balance lipidique, il est moins évident que le niveau
d’activité physique module le devenir des lipides alimentaires et nous disposons de
peu de données concernant l'effet de la variation du niveau d’activité physique
habituelle sur l'oxydation et la répartition des lipides alimentaires. Une telle
relation, si elle est démontrée, est primordiale quant au role de 'activité physique
dans le contexte de prévention et de traitement de l'obésité et des troubles
métaboliques associés a la sédentarité.

Objectifs

Le but majeur de cet article a été d’étudier, chez 'homme normopondéré,
les mécanismes par lesquels une dépense énergétique liée a l'activité physique, basse
ou élevée, module I'oxydation des lipides alimentaires en portant une attention toute
particuliere a I’évaluation des recommandations actuelles sur le niveau d’activité
physique. Les hypothéses spécifiques sont 1) le niveau d’activité physique,
indépendamment de ses effets sur la balance énergétique, prédit I'oxydation des
lipides exogeénes en favorisant 'acheminement des graisses alimentaires vers le
stockage dans le tissu adipeux au détriment de 'oxydation dans le muscle, lorsqu’il
est maintenu a un niveau bas, et en améliorant 'oxydation des lipides exogéne lors
d’'une augmentation de la dépense énergétique, 2) Les acides gras alimentaires
saturés sont davantage orientés vers le stockage dans les triglycérides musculaires et
adipeux que les mono-insaturés, excepté lors de dépenses énergétiques élevées.

Matériel et Méthodes

Nous avons réparti 19 hommes, 4gés de 25 a 55 ans et de poids stable, en
deux groupes en fonction de leur niveau d’activité physique (NAP). Les NAP étaient
obtenus a partir de questionnaires d’activités physiques MOSPA et d’accélérometres

triaxiaux.

e 1n=10 hommes trés actifs (NAP>1,8), normopondérés (IMC<25), sans
antécédents personnels ou familiaux d’obésité ou de diabete.
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e 1n=12 hommes sédentaires (NAP<1,5), normopondérés (IMC<25), sans
antécédents personnels ou familiaux d’obésité ou de diabete.

Nous avons soumis les sujets sédentaires a 2 mois d’entrainement selon les
recommandations actuelles sous forme d’exercices aérobies sur un cyclo-ergometre
pendant 60 min a une intensité modérée (50% VO:xmax), 4 fois par semaine pendant
deux mois. En dehors des sessions d’entrainements, les sujets ont maintenu leur
niveau d’activité physique habituel. Le deuxieme groupe formé d’hommes actifs
normopondérés a la base a été soumis a quatre semaines d’inactivité en cessant toute
activité physique structurée et en réduisant de maniére importante les activités de la
vie de tous les jours. Une attention particuliére était portée sur le maintien de la
balance énergétique tout au long des interventions malgré les modifications induites
de Tactivité physique. Les sujets étaient soumis a deux séries de tests identiques
avant et aprés lintervention physique afin d’étudier les variations du devenir
métabolique des acides gras exogenes (évalué en combinant des molécules marquées
par isotopes stables et des microbiopsies de tissus musculaires et de 'expression des
génes cibles au niveau du muscle (RTPCR quantitative) induites par les
modifications du niveau d’activité physique en fonction de la nature chimique des
acides gras ingérés (saturés ou monoinsaturés).

Résultats

Nous avons montré que la modulation de l'activité physique (basse ou
élevée) entraine une modification de la dépense énergétique totale chez les sujets
normopondérés (entrainement +13%, désentrainement -8%). L'inactivité physique,
indépendamment des effets mesurables sur la balance énergétique, diminue
loxydation totale des lipides (- 37%) et des acides gras exogeénes (oleate -13%,
palmitate — 31%) et entraine une diminution de la sensibilité a I'insuline. Cette
diminution de l'oxydation lipidique totale est probablement due, en partie, a la
diminution de la clairance plasmatique des acides gras exogénes et une diminution
de Pexpression des enzymes participant a la régulation du métabolisme lipidique i.e.
nous avons trouvé une baisse de lexpression de la sous-unité catalytique de
PAMPKinase qui favorise 'oxydation lipidique dans le muscle squelettique et une
baisse des génes responsables de la formation des lipides intramusculaires mGPAT et
SREBP1. Ces effets sont inversés avec 'activité physique selon les recommandations
actuelles, mais avec une moindre amplitude suggérant qu’il n’y a pas eu un effet
majeur du seul entrainement physique basé sur les recommandations actuelles.
L’activité physique améliore I'oxydation de 'oléate (+15%) mais les oxydations totale
et a jeun n’ont pas été modifiées. L’entrainement a eu un effet positif au niveau de
Pexpression des génes responsables du transport des acides gras a l'intérieur de la
cellule FAT/CD36 et dans la mitochondrie CPT1, ainsi quune augmentation de
I'expression de PGC-1, responsable de la biogenése mitochondriale et de SPTLC1,
responsable de la formation des céramides. Le résultat majeur obtenu est que le
niveau d’activité physique est en étroite relation avec l'oxydation des acides gras
exogeénes monoinsaturés et saturés chez les sujets normopondérés.
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Discussion

Nos résultats montrent que la modulation de l'activité physique est capable de
modifier significativement la dépense énergétique totale chez des sujets
normopondérés. Apreés une période courte de un mois de désentrainement en
arrétant tout exercice structuré et en réduisant tout type d’activité spontanée, les
oxydations lipidiques a jeun, totale et exogéne ont diminuée. D’autre part, un
entralnement selon les recommandations actuelles durant la période de deux mois, a
réussi seulement a augmenter l'oxydation des acides gras monoinsaturés. Ces
résultats montrent que linactivité physique a des effets plus marqués sur le
meétabolisme lipidique que l'activité physique. Cependant, cette étude a montré que
le niveau d’activité physique habituelle, indépendamment d’effets quantifiables sur
la balance énergétique, prédit 'oxydation des lipides exogeénes et que les différents
niveaux d’activité physique affectent différentiellement I'orientation des lipides
exogeénes au profit de I'oxydation. Alors que les données démontrant un réle causal
du niveau d’activité physique dans la physiopathologie de l'obésité restent
équivoques, nos résultats apportent des données clefs dans le débat actuel quant au
role de l'activité physique dans le traitement de l'obésité et des troubles
meétaboliques associés a la sédentarité, en démontrant une relation positive entre la
quantité d'énergie dépensée lors d'activités et le devenir des lipides alimentaires.
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1. ABSTRACT

Objective: Although a vision of weight gain is based on a deregulation in energy
balance, lipid balance plays a major role in weight regulation. Since lipogenesis in
humans is negligible, exogenous lipids represent the major source in lipid balance.
However, while the role of physical activity has been well demonstrated in relation
to lipid balance, it is less obvious that the level of physical activity modulates the
fate of dietary lipids and we have little data on the effect of modulating the level of
habitual physical activity on the oxidation and the trafficking of dietary fat. Such
relationship, if proven, is essential for the role of physical activity in the context of
prevention and treatment of obesity and metabolic disorders associated with
physical inactivity. We hypothesized that the level of physical activity, regardless of
its effects on energy balance, predicts the oxidation of exogenous lipid by favoring
the transport of dietary fat to storage in fat tissue at the expense of oxidation into the
muscle, if it is kept at a low level and enhancing exogenous fat oxidation with
adequate increase in energy expenditure.

Research design and methods: We investigated the effect of two months training
based on current recommendations on sedentary lean men and one month of
physical inactivity on active lean subjects. [dsi]palmitate and [1-!3CJoleate were
given through a liquid meal. Total energy expenditure was measured by doubly
labeled water before and at the end of the intervention. Total fat oxidation was
measured by indirect calorimetry. Measurements and breath and urine sampling
were performed at rest 36h after any bout of exercise over 8h following labeled meal
ingestion.

Results: Body weight remained stable in both groups, however FFM decreased and
FM increased in the detrained subjects. Monounsaturated fatty acid MUFA
oxidation increased in trained subjects by 15% (p<0.05). Training promoted
significantly (p<0.05) higher expression of FAT/CD36, PGC1-a., participating in lipid
metabolism and oxidation pathways. Detraining reduced exercise capacity and
decreased the oxidation of both MUFA (13%, p<0.05)) and SFA (31% p<0.05).
Postprandial insulin concentration increased in detrained subject. The expression of
mtGPAT and PRKAA2 (AMPK isoforme) diminished after detraining. Habitual
physical activity level correlated with both dietary fatty acid oxidations.

Conclusion: This study showed that the level of habitual physical activity, regardless
of quantifiable effects on energy balance, predicts the oxidation of exogenous lipids
and various physical activity levels differentially affect the direction of exogenous
lipids in favour of oxidation. While data demonstrating a causal role of physical
activity in the pathophysiology of obesity remains equivocal, our results provide
data keys in the current debate about the role of physical activity in the treatment of
obesity and metabolic disorders associated with physical inactivity.
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Abbreviations: AEE, activity energy expenditure; BR, bed rest; CPTI, carnitine
palmitoyl transferase I; DES1, Sphingolipid de/ta(4)-desaturase, FAT/CD36, fatty
acid transporter CD36; FFM, fat free mass; FM, fat mass; IMTG, intramuscular
triglyceride; MOSPA-Q, MONICA optional study of physical activity, MUFA,
monounsaturated fatty acids; NEFA, non-esterified fatty acid; NPRQ, non protein
respiratory quotient; SFA, saturated fatty acids; RMR, resting metabolic rate; PGC-
la, peroxisome proliferator-activated receptor coactivator; PPAR-f3, peroxisome
proliferator-activated receptor beta; PRKAA2, AMP-activated, alpha 2 catalytic
subunit protein kinase; REE, resting energy expenditure; SPTLC1, and SPTLC2,
serine palmitoyltransferase long chain base subunit 1 and 2; TBW, total body water,
TEE, total energy expenditure; TG, triglyceride; UCP3, uncoupling protein 3; VLDL,
very low density lipoprotein.

2. INTRODUCTION

Increased sedentary lifestyle in modern societies has been associated with
an increased risk of numerous burden chronic diseases such as cardiovascular and
coronary diseases, stroke, cancer, obesity and type 2 diabetes [1, 2]. Such metabolic
disorders are frequently associated with a decrease in insulin sensitivity, high
plasmatic triglyceride (TG) or hyperlipidemia [3]. Chen et a/ showed that 2-month
cessation of regular training significantly elevated basal and postprandial insulin
levels and triglycerides, and were associated with increased basal free fatty acids
FFA suggesting that the early development obesity-associated metabolic
deregulations due to reduced physical activity may not necessarily reflect on weight
status but primarily on metabolic status [4]. While fat oxidation is known to increase
slowly to match increased fat intake, increased daily energy expenditure, through
the performance of exercise, has been reported to accelerate the adjustment of fat
oxidation to the proportion of fat ingested in both men [5] and women [6]. Mayer et
al. suggested that there is a level of physical activity (PAL as total energy
expenditure/ resting metabolic rate) below which mechanisms of body mass
regulation are impaired [7]. While The World Health Organization (WHO) have
recommended moderated intensity exercise (30 min/day) for optimal health
benefits, recent studies suggest that PAL as equal to 1.75-1.8 would be an ideal level
to avoid development of weight gain. Such level is reached when exercising
intensely for 30min/day or 2h/day of moderate intensity exercise [8].

It is well known that among the main energetic substrates, lipids as dense
macronutrient comparing to carbohydrates and proteins, have more limitations to
be used in healthy cells [9, 10] and contrary to two other macronutrients, an
increase in lipid consummation does not promote higher lipid oxidation. Balance
between energy intake and energy expenditure relies mainly on body’s fat content
and the deleterious consequences of a constant positive energy balance due to a
sedentary life style is mainly seen over the regulation and repartition of fatty acid
than other substrates [11, 12]. Studies showed that chronic positive energy balance
leading to a deregulation in body weight and consequently to overweighteness and
/or obesity, is associated with an impairment in the capacity to switch easily from
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one fuel to another in response to meal stimulations, while healthy active lean
subjects are capable of adjusting substrate [13, 14]utilization. Other effects are also
observed such as reduced insulin sensitivity, high intramuscular TG and lower total
and exogenous fat oxidation [15, 16]. One of the beneficial effects of physical
activity is to reduce plasma triglycerides and to increase total fat oxidation [17, 18].
However, most of the studies have mainly evaluated total and endogenous fat
trafficking with regards to physical activity level [19, 20] and only small number of
studies such as Votruba et a/ [21] investigated the effect of exercise on dietary fat.
Since lipogenesis is negligible in humans, the majority of fatty acids (endogenous
and dietary) are driven from dietary fatty acids, thus playing a major role in lipid
balance [12, 22]. Votruba er al investigated the effect of different exercise intensity
(low, moderate, and intensive) on dietary fatty acid utilization and showed that
exercise increased monounsaturated fat oxidation regardless of intensity while
saturated fatty acid oxidation was not affected [21].

On the other hand, sedentary behavior represents one of the main
environmental factors triggering predisposed genes to a development of metabolic
pathologies and obesity. This observation is more evident when looking at the
results of bed rest studies with extreme physical inactivity [23-25]. Indeed, several
bed rest studies found similar physiological alterations to those detected in obesity
and diabetes type II e.g. a decrease of fat oxidation during fasting and postprandial
states, insulin resistance, high plasmatic cholesterol, triglyceride (TG) concentration
and accumulation of intramuscular triglyceride (IMTG) and muscle fiber type
change from oxidative to more glycolytic [26, 27]. Bergouignan er al found that
oxidation of palmitate decreased with BR and palmitate enrichment was enhanced
in the pool of intramuscular fatty acid storage [24, 25]. Such variations might be due
to a shift of muscle fiber type to use more carbohydrate or a reduction in peripheral
insulin sensitivity effecting lipid metabolite profile such as alteration of factors
participating in lipid flux or mitochondrial profile [28].

Our aim in this study was to investigate the effect of modulating physical

activity level on dietary fat oxidation and trafficking. Further, we hypothesized that
saturated fatty acids are more oriented toward storage in muscle and adipose
triglyceride than monounsaturated fatty acids, except when sufficient energy
expenditure .
We investigated the effect of two months of moderate physical training based on
current recommendations in sedentary lean subjects and one month of physical
inactivity in high active lean subjects. We measured the fasting and postprandial
lipaemia and the cumulative oxidation of dietary SFA and MUFA, and we further
quantified the expression of the major factors participating in fat metabolism
(oxidation, flow) in the skeletal muscle.

3. METHODS

3.1.  Participants and experimental protocol
Data are reported from 19 lean men (20< BMI <25 kg/m?) of the lipid

oxidation study LIPOX. Volunteers were free of any chronic known diseases and
were weight stable (+3kg body weight) for at least 3months before enrolment.
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Subjects had no first-degree family history of obesity or type 2 diabetes. Additional
criteria were the absence of participation to any structured exercise programs over
the 12 months prior to the study for sedentary subjects and the involvement in at
least one high level regular sportive activity for active subjects. Sedentary and
physically active statuses at inclusion were determined by the MOSPA-Q
questionnaire and a RT3 triaxial accelerometer (Stayhealthy, Monrovia, CA, USA)
wore for 7 days in free-living conditions. RT3 was used to obtain an estimation of
subjects’ PALs defined as the ratio between total energy expenditure (TEE) and
resting metabolic rate (RMR). Since accelerometers tend to underestimate the PAL,
a RT3-estimated-PAL <1.5 was set to screen sedentary individuals, >1.7 to screen
active ones. Training was performed in sedentary lean and overweight subjects, at
the level of current recommendations for two months i.e. four 60-min sessions per
week at 50%VO2eax on a cycle ergometer. VOzpeak Was determined by means of an
incremental exercise test to exhaustion performed in an upright position on an
electronically braked cycle ergometer (Medifit 1000S, Belgium). Detraining in the
active group consisted of stopping all structured physical activity and reducing
spontaneous activities of daily living. Throughout the study, research dieticians
followed the participants and the diet was regularly adjusted in an effort to maintain
subjects in stable energy balance. Informed, written consent was obtained from each
subject. The study was approved by the Institutional Review Board of Alsace I.

3.2. Resting energy expenditure, total energy expenditure
measurement, body composition

Two sets of identical tests were performed before and after trials (figure 1).

Subjects were provided with standard meals (50% carbohydrate, 15% protein, 35%
lipid) 36 hours prior to each test. On the test day, after an overnight fast, breakfast
was served at 9am representing 50% of the RMR (expressed as MJ/24 h) (55%
carbohydrates, 15% protein, and 30% fat) and lunch (73% carbohydrate, 10% fat
and 18%) representing 27% of RMR was served after 4hours from the first meal
ingestion. Resting metabolic rate RMR was measured by indirect calorimetry
(Deltatrac IT; General Electric, Indianapolis, IN) for 1 h. The non-protein respiratory
quotient NPRQ was calculated by using the expired CO:2 and the consumed O:
measured hourly by indirect calorimetry and the nitrogen excretion. Total energy
expenditure (TEE) was measured by doubly labelled water as the daily CO2
production measured from the differential elimination of water labelled with stable
isotopes of hydrogen and oxygen [29]. 2 g/kg TBW of doubly labelled water (?H2'20)
composed respectively of 0.2 g/kg of 10% 80 and 0.15g/kg of 99.85% 2H (Cambridge
Isotope Laboratories, Andover, MA) was orally administered. Equilibration and end
point urines were cleaned as previously described [30]. Deuterium and 18-oxygen
isotopic abundances were analyzed by pyrolysis on an elemental analyzer (Flash HT;
ThermoFisher) connected to a continuous flow isotope ratio mass spectrometer
(Delta V; ThermoFisher, Scwerle, Germany). The results were scaled using
laboratory standards. Analyses were performed in quadruplicate and repeated if the
SD exceeded 2% for deuterium and 0.5% for 18-oxygen. The total body water and
TEE were calculated as previously described [31] using a food quotient of 0.86.
Body composition was measured using the isotope dilution method, as previously
described [32]. Total body water (TBW) was calculated for both the deuterium and
180 dilution and the two values were averaged. FFM was calculated from TBW using
a constant hydration factor (0.73) [33] and fat mass (FM) was calculated as the
difference between body weight and FFM.
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Figure 1: General procedure of the tests is presented. Two groups were selected based on their physical activity level, age and absence of family history for pathologies
such as diabetes and obesity. Sedentary group went under 2 months of moderate (30min/d) training and active group under 1 month detraining. Lipid tests were
performed before and after trials. Urine, blood and breath samples were collected every hour over Shours. The breakfast (BF) consisted of [1- !3C]-oleate and dsi-
palmitate and was served at 9am and lunch (L) served at 1pm. Resting energy expenditure (REE) was measured by indirect calorimeter (Cal) every 30min during the
day test. Total energy expenditure (TEE) was measured by doubly labeled water (DLW) technique during 10 days prior to day tests.
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3.3. Dietary fat oxidation by isotope ratio mass spectrometry
analyses

Dietary fat oxidation and trafficking were measured once before and once
after trials. After an overnight fast, an intravenous catheter was inserted
retrogradely into the forearm vein, covered with a heated pad for arterialized blood
samples. Baseline breath, urine and blood samples were collected (figure 1). A liquid
replacement meal was provided with breakfast and was enriched with 15 mg/kg of
dsi-palmitic acid (>98% enriched; CIL, Andover, Massachusetts, United States) and
10 mg/kg of [1-13C]-oleic acid (>99% enriched, CIL) homogenized at 65 °C (melting
point of palmitate). These fatty acids represent the main monounsaturated and
saturated fatty acids of the human diet (38% and 20% of total intake, respectively).
To determine [1-13C]-oleate oxidation after breakfast ingestion, hourly breath
samples were collected for 8 h. Breath samples 3CO2-to-12COz2 ratios were measured
in triplet on a continuous-flow inlet system connected to an isoprime isotope ratio
mass spectrometer (GV Instruments, Isotope Ration MS, Germany). All enrichments
were expressed against International Atomic Energy Agency standards. [1-*C]-oleic
oxidation was calculated as the instantaneous recovery of 13C in expired CO2 per
hour over 8 hours. Instantaneous recovery of *C in expired CO2 expressed as a
percentage of the dose was corrected for isotope sequestration by assuming an
acetate correction factor of 51% [34]. To measure dsi-palmitate oxidation, 2H/1H
from urine samples was analyzed, as previously described [31]. The oxidation rate of
palmitate/water was inferred from the cumulative recovery by *H in TBW. The
detailed calculations of the percentage recoveries are described in detail elsewhere
[35].

3.4. Plasmatic analysis

Plasmatic free fatty acid (NEFA) was measured by NEFA C WAKO kit

(SOBIODA S.A.S), plasmatic glucose measured by chemical reaction using GLUCm
glucose kit and triglyceride (TG) were assayed by enzymatic reaction using
triglyceride GPO kit both from Beckman Coulter System SYNCHORN. Insulin was
determined by immunoassay (ADVIA Centaur Insulin IRI Siemens).
To determine dietary dsi-palmitate and [1-*C]-oleate trafficking, total lipids were
extracted from plasma [36]. NEFA was separated from plasma by solid-phase
extraction and derivatized to methyl esters [37]. By slight modification of Chung B
[38] protocol for plasmatic lipid separation, VLDL and total chylomicrons fractions
were prepared by ultracentrifugation at 80 000 rpm at 12°C (KENDRO S150, rotor
S140AT) during 30min using gradient of 0.997 density. A pasture pipette was used to
remove gently the supernatant containing the chylomicrons followed by measuring
the volume using an automated pipette. To obtain the VLDL the precipitant was
suspended in ultra pure water containing Kbr (Potassium bromide) to increase the
density to 1.006. By another ultracentrifugation step (1h10 at 10°C in 140 000 rpm)
the VLDL were floating and were collected. TG concentrations in both fractions
were quantified by Mira automated analyzer (Roch Cobas Chemistry Analyser)
using enzymatic reagents.

Gas chromatography was used to analyze the fatty acid composition of
plasma NEFA, chylomicron remnant TG, and VLDL TG [37-39]. The absolute
concentrations of the individual fatty acids were calculated by reference to internal
standards added to the plasma during lipid extraction—heptadecanoic acid for NEFA
and triheptadecanoyl glycerol for lipoprotein TG. Isotope enrichment was analyzed
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Variables Sedentary Active

Baseline Training Baseline Detraining
Body weight (kg) 76.7+ 3.8 761+ 2.9 71.7+ 2.9 714 + 3.2
BMI (kg/m?2) 229+ 0.7 227+ 0.6 222+ 0.6 220+ 0.7
FFM (kg) 58.8+ 1.9 59.2+ 1.9 612+ 25% 60+ 27*
FM (kg) 179+ 1.9 17+ 1.7 105+ 12" 114+ 15*
FM% 228+ 1.8 219+ 1.7 145+ 114%™ 158+ 1.8*
VO,max 3907+ 1.8 449+ 1.9% 502+ 2t 464+ 1.3
(ml/min/kg)
Fasting
Variables
Glucose (g/1) 0.88 + 0.03 0.87 + 0.03 0.84+ 0.01 0.86+ 0.02
Insulin (mU/1) 5.15+ 0.65 441+ 042 363+03 524+ 0.73*
TG (g/l) 0.92 + 0.11 0.84 + 0.13 0.49 + 0.04' 059+ 0.13
NEFA (umol/l) 0.39 + 0.05 0.38 + 0.04 0.41+ 0.03 0.41+ 0.05

Table 1. Body weight, body composition, maximal respiratory capacity (VO2max) and fasting
plasmatic parameters before and after physical activity interventions for Active (n=9) and
Sedentary (n=10) participants. Values are expressed as mean +SEM. Significant differences
are shown between sedentary vs. active baselines (1) by using an unpaired t-test, and before
vs. after trials within each group (*) by paired t-test. *p<0.05, 1+p<0.05. BMI, body mass
index; FFM, fat free mass; FM, fat mass; TG, triglycerides; NEFA, non-esterified fatty acids.
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by gas chromatography-isotope ratio mass spectrometry as described previously by
Evans et al. [40]. To assess both the isotopic enrichment and the individual fatty acid
concentrations (both unlabeled and labeled) in the same gas chromatography/mass
spectrometry (Agilent 5975 Inert XL), we designed a dual acquisition program in
single-ion monitoring mode. The following m/z ratios were acquired: 296 and 297
for oleate and 270 and 301 for palmitate. The concentration of each labeled fatty
acid was calculated by multiplying its molar percent enrichment (MPE) by the
concentration of its corresponding unlabeled compound.

35. Real Time PCR (RT-QPCR)

8 hours after the labelled meal ingestion, muscle biopsies from the vastus lateralis
were taken using a Bergstrom needle. Muscle biopsies were grounded in liquid
nitrogen and total RNA was extracted using mirVana™ miRNA Isolation Kit
(Applied Biosystems, Courtaboeuf, France). RNA concentration was measured with
Nanodrop ND1000 (Labtech, Palaiseau, France) and integrity assessed using an
Agilent 2100 Bioanalyzer (Agilent Technologies, Massy, France).

First-strand ¢cDNAs were synthesized from 500 ng of total RNA in the
presence of 100 units of Superscript II (Invitrogen, Cergy Pontoise, France) using a
mixture of random hexamers and oligo (dT) primers (Promega, Charbonnieres,
France). Real-time PCR assays were performed using a Rotor-GeneTM 6000
(Corbett Research, Mortlake, Australia) in a final volume of 20pl containing 5pl of a
60-fold dilution of the RT reaction medium, 10pl of reaction buffer from the
Absolute QPCR SYBR Green ROX Mix (Abgene, Courtaboeuf, France) and 0.375pM
of the specific forward and reverse primers. For quantification, a standard curve was
systematically generated with six different amounts of cDNA. Each assay was
performed in duplicate, and validation of the real-time PCR runs was assessed by
evaluation of the melting temperature of the products and by the slope and error
obtained with the standard curve. Hypoxanthine phosphoribosyltransferase mRNA
level was determined in each sample and was used as internal standard for
normalization of target mRNA expression. The list of the PCR primers and the
quantitative PCR assay conditions are available in the table below. The RT-QPCR
was applied to detect the expression of, Fatty acid translocase (FAT/CD36), carnitine
palmitoyle transferase 1 (CPT-1), peroxisome proliferator-activated receptor
coactivator (PGC-1a), peroxisome proliferator-activated receptor beta (PPAR-B),
serine palmitoyltransferase, long chain base subunit 1 (SPTLC1), uncoupling protein
3 (UCP3), Sphingolipid de/ta(4)-desaturase DES1, and o2 isoform of the catalytic
subunit of AMPK PRKAA?2
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Sedentary Active
Variables Baseline Training Baseline  Detraining
TEE (MJ/d) 10.7+ 0.5 123+ 0.7* 14+ 06ttt  129zx 0.5*
 REE (MJ/d) 0.2 6.7+ 0.2 6.3+ 0.2 6.2+ 0.2
REE rryag) 70+ 0.1 71+ 0.1 6.2+ 0.2ttt 6.2+ 0.2
AEE (MJ/d) 30+ 0.3 44+ 05 6.3+ 041t 5.4  0.3**
AEE 3890+ 4.6 577+ 6.3 889+ 57ttt 7681+ 5.2
(kJ/d/kg BW) Jt 4 (% 6. JE 0. O£ 9.
PAL 1.60 £ 0.05 1.83+ 0.08** 223+ 0.06T* 209+ 0.06*

Table 2. Total energy expenditure (TEE) level, physical activity level (PAL), resting energy
expenditure (REE) and activity energy expenditure (AEE) are reported for Active (n=9) and
Sedentary (n=10) participants. REE (FFM) adjusted for fat free mass. Values are expressed as mean
+SEM. Significant differences are shown between sedentary vs. active baselines (1) by unpaired t-
test, and before vs. after trials within each group (*) by paired t-test. *p<0.05, +p<0.05 +p<0.01,

1t p<0.001
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CD36 AS AGACTGTGTTGTCCTCAGCG
CD36 S TGATGATGAACAGCAGCAACAT
CPT1 tot S TACAACAGGTGGTTTGACA
CPT1ASMU LC CAGAGGTGCCCAATGATG

Desl S TGATTTCCCCAACATTCCTG
Desl AS GCACCATCTCTCCTITTTTGG
PGCla AS CTTGGTTGGCTTTATGAGGAGG
PGCla$S TCCTCTGACCCCAGAGTCAC
UCP3 AS CTGGGCCACCATCTTTATCA
UCP3 S ATGGACGCCTACAGAACCAT
SPTLC1 S GATTTGCCACCATAGCCAG
SPTLCI AS GAGCCTTGCGAGGATTCTTTTG
SPTLC2 S GAGACGCCTGAAAGAGATGG
SPTLC2 AS TGGTATGAGCTGCTGACAGG
ACC2 AS2 TGATGTCATTGCCGATGACG
ACC2S GGTGGAGATGAACCGACTTC
GPAT AS CTGTGTCTGTAGAGGAGCAG
GPAT S CTACGAAGGAGGTTGATTGC
SRE1CS GCAGATCGCGGAGCCATGGATTGC
SRE-AS2 GAGGTGGAGACAAGCTGCCTGG
PRKAA2S GAGCTTACAACTTTACCTGG
PRKAA2 AS GAACCAGATCTCTGCTCCAC
PPAR B AS2 GCCACCAGCTTCCTCTTCTC
PPAR B 52 ACTGCCGCTTCCAGAAGTGC

3.6.  Statistical analysis

The normality of the distribution of all parameters was tested using
Shapiro-Wilk test. Areas under the curve (AUC) of the concentrations-time curve
were calculated using the trapezoid rule. An unpaired Student t-test was used to
compare groups’ baselines and paired Student t-test to compare before and after
intervention within the same group. Further analyses were made with Pearson
correlations between the difference of before and after physical activity
interventions of parameters. Data are presented as means + standard error mean

(SEM). Significant level was p<0.05.
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Sedentary Active

Baseline ini Baseline Detrainin
Variables Training g
NPRQ 0.856+ 0.010 0.852+ 0.014 0.872+ 0.014 0.902+ 0.012*
Fasting
Substrate
Oxidation (mg/kgFFM)
Glucose 101+ 5 101+ 8 108+ 10 119+ 11
Lipids 38+ 4 40+ 5 32+ 4 22+ 3*
Protein 33+ 4 33+ 4 45+ 6 57+ 11
Post prandial
Substrate
oxidation (mg/kgFFM)
Glucose 1380+ 56 1349+ 63 1146+ 37t 1317+ 52*
Lipids 172+ 16 174+ 21 198+ 21 125+ 16*
Protein 350+ 30 403+ 30 503+ 40t 487+ 40

Table 3: Non-protein respiratory quotient (NPRQ), fasting and postprandial substrate
oxidation are represented for Active (n=9) and Sedentary (n=10) participants. Values are
expressed as mean +SEM. Significant differences are shown between sedentary vs. active
baselines (1) by unpaired t-test and before vs. after trials within each group (*) by paired t-
test. *p<0.05, 1p<0.05 11p<0.01.
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4. RESULTS

4.1. Baseline differences before trials

The anthropometric characteristics of subjects are shown in table 1. Body
weight and BMI were comparable among the two groups at baseline. Sedentary
group showed lower FFM (26%, p<0.01) and VO2max (4%, p<0.05) while FM% (8%,
p<0.001) was higher. As it was expected, the baseline PAL and AEE (k]/d/kgBW) in
sedentary group were significantly (p<0.0001) lower compared to active group (table
2). Fasting (NPRQ) was not significantly different between groups (table 3). Fasting
plasmatic glucose and insulin concentrations showed no significant differences
between the two groups (table 1). Basal plasma concentration for TG (table 1) was
significantly higher in sedentary subjects (p<0.0001) while no significant difference
found for NEFA. In response to breakfast, basal carbohydrate oxidation was 17%
(p=0.01) higher in sedentary group while their lipid oxidation was non-significantly
15% lower than active group. Contrary to carbohydrate, the basal protein oxidation
was significantly higher (p<0.01) in active that might indicate higher protein
turnover.

4.2. Effects of two month training in sedentary participants

Body weight, FFM and FM were not affected by training while VO2max
improved by 13% (p<0.01). As table 2 shows, TEE (M]/d) level in trained sedentary
increased by 15% and approached the TEE (M]J/d) level of basal active group. This
improvement was mainly due to an increase in activity energy expenditure (AEE) by
48.5% (p<0.05) and PAL by 14% (p<0.01) with training while the resting energy
expenditures (REE) did not vary (table 2).

No significant changes occurred for fasting and postprandial carbohydrate and lipid
oxidation after training (table 3). Fasting insulin concentration was reduced non-
significantly (p=0.4) by 14% after training (table 1). Postprandial glucose
concentration was not significantly modified (figure 2a), however postprandial
insulin concentration (figure 2b) tended to decrease (27% p=0.1). Total postprandial
TG and NEFA (figure 2c, d) concentrations were not modified by training.

Physical activity increased [1-*C]-oleate oxidation by 15% (p<0.05) but not
dsi-palmitate oxidation (figure 3). Training significantly (p<0.05) increased NEFA
clearance for both dietary fatty acids (figure 4c, f). Conversely, however it did not
effect the plasmatic concentrations of dsi-palmitate-VLDL and [1-13C]-oleate-VLDL.
Training promoted significantly (p<0.05) higher expression of FAT/CD36, PGCl1-a,
DES1 and SPTLC2 (p<0.05) all participating in lipid metabolism and oxidation
pathways (figure 5).
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Figure 2: Time course of glucose (a), insulin (b), triglycerides (c) and non-esterified fatty acids
NEFA (d) concentrations of active (n=9) and sedentary (n=10) participants. Time O corresponds to
the breakfast ingestion. The cumulative responses of these parameters were calculated by the area
under the curve (AUC). Significant differences are shown between sedentary vs. active baselines (1)
by unpaired t-test and before vs. after trials within each group (*) by paired t-test. *p<0.05, $p<0.05

t1p<0.01
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4.3. Effects of one month detraining in active participants

While body weight remained stable, detraining decreased significantly FFM
(kg) by 2% and increased FM (%) by 1.3%. VO2max was reduced by 8% (p<0.01).
After detraining, TEE decreased by 8% (p<0.01), which was mainly due to the
reduction of AEE by 14% and PAL by 6.3% (p<0.05) yet active detrained subjects
maintained higher AEE and PAL comparing to trained group. In fasting conditions,
active subjects shifted to use 10% more of carbohydrate; however this value was not
significantly different. Fasting lipid oxidation diminished significantly by 31% after
detraining (table 3).

Postprandial carbohydrate oxidation was increased by 15% (p<0.05) and
postprandial lipid oxidation was reduced by 37% (p<0.05) (table 3). The detrained
group increased fasting (44%) and postprandial (58%) insulin concentrations
indicating lower insulin sensitivity (figure 2b). Postprandial glucose concentration
was not significantly influenced by detraining. Detraining did not influence
postprandial NEFA and TG concentrations (figure 2¢, d). Detraining reduced the
oxidation of both [1-13C]-oleate and dsi-palmitate by 13% (p<0.05) and 31% (p<0.05)
respectively and values tended to reach the same level as sedentary baseline (figure
3a, b).

The patterns of plasmatic trafficking of [1-3C]-oleate and dsi-palmitate
were mainly affected between time 0 (breakfast) and time 240 (before lunch) (figure
4). The dietary fatty acids packaging in chylomicrons increased significantly by
detraining as dsi-palmitate rate of appearance in chylomicron increased by 94%
(AUC 0-240) and [1-'3C]-oleate rate of appearance in chylomicron increased by 36%
(figure 4a, d). Palmitate rate of appearance increased but not oleate rate of
appearance in VLDL (figure 4b, e). Both dietary fatty acids rate of appearance in
NEFA increased significantly after detraining (figure 4c, f). In general, the plasmatic
parameters measured in detrained group showed a drift toward the baseline values
of the sedentary group.

Detraining lowered significantly the expression of SERBPc, mGPAT and
PRKAAZ2 (catalytic isoforme of AMPK) (figure 5). No significant modifications were
found for FAT/CD36 or CPT-1. However, the higher or lower expression of
FAT/CD36 might not be an indicative of fatty acid transport capacity within the cell
without considering other factors inducing the translocation of FAT/CD36 to the
cell membrane.
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Figure 3: Cumulative recovery for palmitate measured by measuring ?H in total body water hourly sampled
through urine, and for oleate were calculated by recovery of [1- 13C]-oleate in expired COz2. Both recoveries
are expressed as a percentage of the dose. At right side, the area under the curve (AUC) representing the 24h
fatty acid oxidation. Significant differences are shown between sedentary vs. active baselines () by
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4.4. Correlations between dietary fatty acid oxidation with physical
activity level and mRNA expression

Significant positive correlations between the variations of physical activity
level and dietary fatty acid oxidation were found (figure 6a, c), suggesting a direct
relation between physical activity level and the degree of dietary fatty acid
oxidation (palmitate, R?>=0.33, p= 0.01, oleate, R?=0.35, p=0.01). In addition, no
significant correlation was found between the variations of dietary fatty acid
oxidation with FM (figure 6b, d), which suggests that the changes we observed were
not due to changes in energy balance.

The variation of PGC-1a expression before and after training correlated
positively with palmitate oxidation differences (p=0.025) but not with oleate (figure
7a, b) while the mtGPAT variation correlated significantly (p=0.03) with the
variation of oleate oxidation but not palmitate (figure 7c, d). Further correlation
analysis showed that TG variation significantly correlated with the variation in
FAT/CD36 (figure 8a), and NEFA changes significantly correlated with PRKAA2
and mtGPAT variations (figure 8b, c).
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5. DISCUSSION

The major finding in this study is the positive linear relationship between
the level of physical activity and the degree of the dietary fatty acid oxidation. Even
though detraining duration (one month) was shorter than training (2 months), it
seems that inactivity had an enhanced effect on dietary lipid metabolism rather than
moderate training.

The modulation of physical activity level succeeded in changing total
energy expenditure in both lean groups. One month of detraining by stopping any
structured exercise and reducing any bodily movement reduces significantly total
and activity energy expenditure, while two months training based on currents
recommendations succeeded in increasing total and activity energy expenditure in
lean subjects. Modulating physical activity, however, is not always followed by
effects on total energy expenditure. Indeed, compensatory behaviors may occur,
which can reduce the effect of modifying AEE. Introducing exercise training into a
sedentary life style might result in a compensatory behavior by reducing the non
exercise activity in individuals with predisposition to be sedentary. However, in lean
subjects, after training of 18 wk, Van Etten er al [41] found no changes in non
training activity. Training improved VO:max, PAL, AEE, while detraining decreased
these parameters. However, the detrained group maintained higher values than
trained subjects.

Our results show a positive relationship between AEE and exogenous lipid
metabolism in lean subjects. Our finding is in line with Mayer’s theory which
suggested the presence of a PAL below which mechanism of body mass regulation
are impaired. Accordingly, Stubbs ez a/. [42] showed that active individuals tolerated
more the high fat diet compared with inactive and this may be related to differences
in daily NEAEE. Moreover, Smith et a/ [5] and Hansen et al. [6] reported that the
increase in the daily energy expenditure accelerated the adjustment of fat oxidation
to the proportion of fat ingested in men and women respectively. The positive
relationship we found of AEE and exogenous fatty acid oxidation suggests that
improvement can be achieved when sufficient increase in AEE. These increases
might be produced in enhancing NEAEE. Thus NEAEE might be a key modulator in
body weight regulation through lipid balance.

The variation in dietary fatty acid oxidation was not related to changes in
body weight nor in body mass composition. In addition no significant difference
appeared with physical activity interventions on total plasmatic insulin, TG and
NEFA. It was suggested that exercise has only short term beneficial effect on lipid
metabolism [43]. De-training studies provide compelling evidence that exercise
training may not markedly influence TG metabolism in the absence of recent
exercise and that training induced changes in TG metabolism may be short-lived
[44]. After detraining, a higher fasting and postprandial NPRQ was found,
suggesting a shift toward more carbohydrate oxidation while reducing lipid
oxidation. This was in line with results obtained from obese [45] and subjects in
extreme physical inactivity studies (Bed Rest) where a shift of fuel utilization from
lipids to carbohydrates during fasting and postprandial were noted [25].
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Figure 5: Training increased PGC-la, FAT/CD36, SPTLC2, DES1 mRNA expression (a) and
detraining reduced the expression of mtGPAT, SREBP-1c and PRKAA2 (b). Results expressed in
% of the fold change vs. the baseline values at 100%. Data are mean +SEM. * p<0.05 vs. pre-trial.
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Hyperinsulenimia could be one of the characteristics of sedentary life style
[46] and studies showed that it could appear even during short term of bed rest such
as 3 to 7 days [47, 48]. The higher insulin concentration in detrained subjects
comparing to their baseline would indicate a decrease of insulin sensitivity. The low
expression of SREBP-1c found in the skeletal muscle in detrained subjects might also
reflects lower insulin sensitivity as a study by Guillet-Deniau I ez al. proposed that
SREBP-1c expression in rat skeletal muscle might transduce better muscle insulin
sensitivity and SREBP-1c can mimic the effect of insulin on lipogenic enzyme
expression [49]. The higher concentration of insulin in detrained subject might be
responsible for lower peripheral lipases activity to break TGs into NEFAS and
facilitated fatty acid uptake by tissues, thus reducing lipolysis and consequently
promoting lipid biogenesis in adipose tissue [50, 51]. It is known that the high rates
of FFA uptake and release are accompanied by higher clearance rate and exercise
would increase the FFA release by reducing insulin activity and increasing
catecholamine availability [52]. Plasma NEFA concentration are inversely related to
the insulin concentration in healthy humans [53]. Recently a study by Jelic and al.
[53] proposed that insulin has an important control on increased uptake and
reesterfication of NEFA into adipose tissue and eventual stimulatory effect on
adipose tissue lipoprotein lipases (LPL) notably in postprandial conditions, however,
the effect on LPL is activated with several hours delay. Jelic er al proposed that
there is a direct effect between NEFA flow and the rate of NEFA oxidation flux and
non oxidative NEFA flux to the liver, while Campbell er al [54] detected no
differences between plasma NEFA and total fat oxidation. Campbell er a/ concluded
that insulin regulates FFA rate of appearance by inhibition of lipolysis while
maintaining a constant rate of primary FFA reesterification [54].

However, insulin is also known to participate in FAT/CD36 translocation
from cytoplasm to the membrane [55-57]. Thus lower insulin sensitivity might lead
to a lower flux of fatty acid to the myocytes even if the FAT/CD36 expression
remained at its basal values in the detrained group. In addition another regulator of
FAT/CD36 translocation during muscle contraction is the AMPK [58]. The lower
expression of PRKAA2 (catalytic subunit of AMPK) we found after detraining might
affect the translocation of FAT/CD36 since the variation in FAT/CD36 correlated
with TG and NEFA concentrations. Our results are in line with other studies
showing that cessation of regular training would lead to an increase basal and
postprandial insulin , triglycerides, and NEFA concentrations [4, 59].

The type of fatty acids does not influence the intestinal absorption of
dietary fat [60], however some studies differentiated between SFA and MUFA
packaging in chylomicron [61]. In our study, inactivity increased the plasmatic
concentration of both dietary fatty acids in chylomicrons, which suggests that
physical activity level effects on the packaging of fatty acids is independent of their
type. In the line of the increased appearance rate of dietary fatty acids in
chylomicrons after detraining, Mankowitz et al, without distinguishing type of
fatty acid, showed that normolipidemic, male runners who ran 30-40 miles/week
after 14-22 days of detraining, increased their chylomircon by 41% [62]. Moreover,
training did not affect exogenous fatty acid appearance rate in chylomicrons. In this
line, no effect was found of prior exercise on postprandial chylomicron
concentration [63].
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After ingestion of exogenous MUFA and SFA, most differences appeared
within the first four hours after ingestion. Although total TG concentrations were
not affected by physical activity modulation, detraining increased dsi-palmitate-
chylomicron and !'3C-oleate-chylomicron while only VLDL-palmitate increased
after detraining; this might be due to an increased NEFA-palmitate availability to
the liver. In addition both palmitate-NEFA and oleate-NEFA were cleared much
faster after training while the reverse pattern occurred in the detrained subjects.
Higher expression of FAT/CD36, SPTLC2, PGC-1a, DES1 expression in the skeletal
muscle of trained sedentary might explain the improvement of clearance. Up
regulation of FAT/CD36 expression would specify a better fatty acid transport and
higher expression of DES1 and SPTLC2 might indicate a better utilization and
synthesis of IMTG. In addition, higher expression of PGCl-o which is known to
promote mitochondrial biogenesis and B-oxidation implies elevated skeletal muscle
fat oxidation capacity. It seems that daily moderate training for 2 months mainly
enhance MUFA oxidation and slightly SFA and this was mainly due to a better
uptake of dietary NEFA and improvement of fatty acids oxidation machinery at
skeletal muscle level. Endurance exercise training is known to increase the protein
expression and activity of factors associated with mitochondria and [} oxidation [64]
such as PGC-1a, PPAR-B, FAT/CD36 in muscle [65-67]. This suggestion could also
be valid by lower insulin sensitivity since insulin has been suggested to regulate
FAT/CD36 translocation in myocytes [68]. Moreover, we can suggest that since the
fatty acid flux is reduced to enter the detrained skeletal muscle, this might induce a
less expression of mtGPAT enzyme located in mitochondria outer membrane which
participates in IMTG synthesis [43]. Other studies showed that endurance training
increases the expression of SREBP-1 and mtGPAT [69] but we did not detect any
change for those factors in trained subject. On the other, both of SREBP-1 and
mtGPAT expression were down regulated in the skeletal muscle of detrained
subjects suggesting a lower fatty acid turnover [70, 71]. Also, the lower expression of
catalytic subunit (PRKAA2) of AMPK we found in the detrained group, consistent
with other studies in detrained skeletal muscle, would influence the reduction of
dietary fatty acid oxidation and regulation of FAT/CD36 translocation [72, 73]. Fu et
al. showed that women have higher lipid oxidation capacity during endurance
exercise and the authors proposed that this high capacity was due to a higher
expression of mtGPAT, CPT-1, SREBP-1 [69]. This role might be true for DES1 and
SPTLC2 all participating in lipid synthesis in association of IMTG formation. The
increased rate of lipid oxidation within the muscle with training indicates the
improvement of lipid turnover in trained sedentary subjects. Altogether, fatty acid
transport system plays a crucial role to regulate fatty acid clearance by peripheral
tissue. Moderate endurance training increased gene involved in fat metabolism,
specifically, mitochondrial biogenesis, transcriptional regulation, cytosolic and
mitochondrial fatty acid transport and f-oxidation. Detraining decreased gene
involved in the synthesis of intramuscular lipid and oxidative and transport capacity
as regulated by AMPK.

In our study, under detraining conditions, both exogenous palmitate and
oleate oxidation were deteriorated. Extreme physical inactivity in previous bed rest
studies reduced the oxidation of palmitate but not oleate, and this was in accordance
with lower fat oxidation [24, 25]. The authors of these studies concluded that while
saturated and monounsaturated fats have similar plasma trafficking and clearance,
physical inactivity affects the partitioning of saturated fats towards storage, likely
leading to an accumulation of palmitate in muscle fat. This reduction in total and
exogenous fat oxidation was attributed partly to a lower expression of genes
involved in mitochondrial biogenesis and lipid transport FAT/CD36, CPT-1 and
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PGC-1a in the skeletal muscle of BR subjects and higher interaction of palmitate
with these factors [24, 25]. the difference between our results and Bergouignan et a/
[24, 25] might be due to the metabolic alterations induced by extreme physical
activity such as muscle atrophy and changes in muscle fibers type, which did not
occur within one month of detraining. Indeed, with extreme physical activity, there
is a shift in the muscle fiber types characterized by a decrease in the oxidative
twitch fibers (myosin heavy chain [MHC]-I and MHCIIa) and an increase in the
glycolytic twitch fibers (MHCIIx) [74, 75]. Such a fiber type pattern with a higher
proportion of glycolytic fibers in skeletal muscle was observed in obese and diabetic
subjects [76]. It might be that monounsaturated fatty acid are more oxidized in
glycolytic fibers than saturated fatty acid, which compensate the decrease of its
oxidation in oxidative fibers, when shift into more glycolytic fibers occur with
detraining. Since one month of detraining does not induce such alterations in
muscle fiber type, the decrease in oleate oxidation would be concomitant to the
reduction in palmitate oxidation.

Altogether, it seems that monounsaturated fatty acid oxidation would be
more affected by training while saturated fatty acid oxidation is affected by
detraining. Oleate oxidation in active baseline was significantly higher than
sedentary baseline. This pattern was reversed by training for oleate oxidation in the
trained sedentary group approached the oxidation rate of active subjects’ baselines.
A study by Votruba et al showed that endurance exercise (120 min, 25% VO: max)
in sedentary individual prior to food ingestion, was able to increase exogenous oleate
oxidation during exercise however, no change observed for [ dsi-palmitate] [21]. In
addition, they showed that the exercise-induced increase in monounsaturated fat

oxidation rather than saturated fat oxidation occurs regardless of exercise intensity
[77].

mtGPAT and PGC-1a were the only mRNA expression showing significant
correlation with oxidation of dietary fatty acids. mtGPAT correlated significantly
with oleate oxidation while PGC-1a with palmitate oxidation. A study by Coll er al,
after treating the myotubes by palmitate and oleate proposed that palmitate reduced
PGC1l-a expression but not oleate [78]. mtGPAT has a 3 fold to 10 fold higher
activity with palmitoyl —CoA than oleyl [79]. Further studies investigating the
differential effect of fatty acid type with mtGPAT are warranted. The negative
correlation of mtGPAT with the variation of total NEFA might indicate that the
lower flux of NEFA to the cell (thus higher concentration in the plasma) decreased
the expression of mtGPAT.

In conclusion, we showed that beyond any differential effect between the
effects of modulation in physical activity according to the type of dietary fatty acid,
both monounsaturated and saturated fatty acids would be modified with modulation
of physical activity as shown by the positive relationship of both of these fats with
physical activity level. Nevertheless, it seems that saturated fatty acids are more
affected by detraining. While data demonstrating a causative role of physical activity
in the pathophysiology of obesity remains equivocal, our results provide key data on
the current debate about the role of physical activity in the treatment of obesity and
metabolic disorders associated with physical inactivity, demonstrating a positive
relationship between the amount of energy expended during activities and fate of
dietary lipids.
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Résumé

Introduction

L’obésité est une maladie du stockage des lipides caractérisée par une
incapacité a utiliser les lipides alimentaires comme substrat énergétique et un
acheminement préférentiel des lipides dans le tissu adipeux pour y étre stockées
plut6t que vers le muscle et oxydées. Les anomalies de I'utilisation des acides gras de
Iobése sont retrouvées aprés perte de poids, indiquant qu’elles pourraient étre
primitives et participer a la constitution de I'exces de poids. Bien que l'oxydation
lipidique soit une caractéristique héréditaire, ceci n’implique pas que les génes
jouent un rdle déterminant indépendamment des facteurs environnementaux, telle
que ladoption d'un mode de vie sédentaire et/ou une alimentation dense. La
compréhension des facteurs qui sous-tendent ces anomalies liées a I'oxydation des
lipides constitue un pré-requis indispensable a la mise au point de stratégies de
prévention ou thérapeutiques. L’activité physique, en tant qu’élément le plus
modulable de la dépense énergétique totale, pourrait jouer un role clef dans le
devenir des lipides. Toutefois, hormis les données existantes sur les effets aigus de
Pactivité physique sur la lipémie, nous disposons de peu de données concernant
I'effet chronique de 'activité physique sur I'acheminement et I'oxydation des lipides
alimentaires est encore a élucider.

Objectifs

Notre objectif était de déterminer l'effet d'un entrainement physique sur
lacheminement et 1'oxydation des graisses alimentaires chez des sujets sédentaires
normopondérés et en surpoids. Nous avons émis 1'hypothese que l'effet chronique
d’'une activité physique modérée, indépendamment de son effet sur la balance
énergétique et au-dela des effets aigus de l'exercice, sera favorable a un
acheminement préférentiel des acides gras vers l'oxydation au lieu d’etre stockés,
grice a une augmentation de l'expression de génes impliqués dans le métabolisme
des lipides, et en partie permettra de corriger les déficiences dans 1'oxydation des
lipides observés chez des sujets en surpoids. Notre objectif secondaire était de
déterminer si une augmentation de 'activité physique affecte différentiellement la
dépense énergétique liée a I'activité physique entre des sujets différant en leur poids.

Matériels et Méthodes

10 hommes sédentaires normopondérés et 10 hommes sédentaires en
surpoids ont effectué un entrainement aérobic sur un cyclo-ergometre de 60
minutes quatre fois par semaine pendant deux mois a 50% VO:zmax. [d31] palmitate
et [1-13Cloléate ont été donnés par un repas sous forme liquide. La dépense
énergétique totale a été mesurée par I'eau doublement marquée avant et a la fin de
I'intervention. L’oxydation totale des lipides a été mesurée par la calorimétrie
indirecte.
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Résultats

L’entrainement physique a augmenté la dépense énergétique totale chez les sujets
normopondérés de 16% (p = 0,005) mais pas chez les sujets en surpoids (p = 0,20)
probablement en raison de comportements compensatoires réduisant les activités
quotidiennes spontanées. Tandis que l'oxydation lipidique a jeun a augmenté
uniquement chez les sujets en surpoids (36%, p = 0,04), 'oxydation postprandiale
totale des lipides et I'oxydation exogéne des acides gras saturés n'ont pas été
affectées par 'intervention sur l'activité physique dans les deux groupes. L’oxydation
des acides gras monoinsaturés a augmenté de 15% chez les sujets normopondérés (p
= 0,049). Toutefois, le niveau d'activité physique a expliqué 'oxydation des deux
acides gras alimentaires chez les sujets normopondérés, mais pas chez les sujets en
surpoids L’entrainement a augmenté l'expression des geénes responsables du
transport des acides gras CD36 et CPT-1, et le génes impliqués dans 'oxydation des

lipides PGC-a chez les deux groupes.

Discussion

Nos résultats montrent que la modulation de l'activité physique prédit
I'oxydation des lipides exogénes chez les sujets normopondérés. Cette constatation
est d'une importance particuliere car elle suggére quune amélioration de 1'oxydation
des acides gras exogenes peut étre obtenue avec une augmentation additionnelle du
niveau physique telle qu'une plus longue durée ou une fréquence supplémentaire de
'exercice. Indépendamment de I’état d’obésité, seul un entrainement physique qui
augmente de facon significative la dépense énergétique, est capable de
contrebalancer les effets de la sédentarité sur le devenir des lipides alimentaires et
sur les mécanismes cellulaires sous-jacents. En prenant en compte les mécanismes
compensatoires des sujets en surpoids face a I'entrainement, toute augmentation de
la dépense énergétique liée a 'activité AEE, que ce soit en dépense énergétique liée a
des exercices structurés ou/et en activités spontanées, est bénéfique au niveau du
métabolisme lipidique. En d'autres termes, les personnes sédentaires peuvent
accroitre leur oxydation lipidique en augmentant toute sorte d'activité, sans
contrainte des programmes d'activité physique imposée. Cependant, nous ne
pouvons pas exclure l'importance du role de l'exercice structuré en soi et des
investigations complémentaires sont nécessaires pour déterminer l'effet de I'exercice
structuré et/ ou activité spontanée. Les recommandations actuelles n’ayant pas
permis d’atteindre des changements significatifs dans 1'oxydation des lipides totaux,
la question cruciale de déterminer quel volume d’activité physique serait suffisant
pour susciter de véritables améliorations dans le métabolisme des lipides exogénes,
reste ouverte. Des études supplémentaires pour déterminer ce volume sont
primordiales dans le contexte de nouvelles implications thérapeutiques dans la
prévention de la prise de poids. Compte tenu des effets contrastés des activités dites
spontanées versus structurées, il semble essentiel que ces études prennent en compte
le milieu socio-écologique dans lequel les populations a risques évoluent.
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1. ABSTRACT

Objective: Obesity is the consequence of chronic fat imbalance with fat
partitioning in favor of storage rather than oxidation. Exercise is known to be
beneficial in preventing weight gain. However, the effect of chronic training on
dietary lipid trafficking is yet to be cleared. We tested whether two months training
at current guidelines would increase dietary fat oxidation in sedentary lean and
overweight subjects.

Research design and methods: Sedentary 10 lean and 10 overweight men
performed an aerobic training on a cycle-ergometer for one hour four times per
week during two months at 50%V Oz peak. [d31]palmitate and [1-!3*CJoleate were given
through a liquid meal. Total energy expenditure was measured by doubly labeled
water before and at the end of the intervention. Total fat oxidation was measured by
indirect calorimetry. Measurements and breath and urine sampling were performed
at rest 36h after any bout of exercise over 8h following meal ingestion.

Results: Training increased total energy expenditure TEE in lean by 16%
(p=0.005) but not in overweight subjects (p=0.20) probably due to compensatory
behaviors. Fat free mass (2%, p=0.03), resting metabolic rate (4%, p=0.003) and
fasting fat oxidation (36%, p=0.04) increased in overweight subjects. Postprandial
total fat and exogenous [dsi]palmitate oxidation were not affected by training in
both groups. [1-13Cloleate oxidation increased by 15% in lean subjects (p=0.049).
Physical activity level explained both dietary fatty acids oxidation in lean but not in
overweight group (lean: [dsi]palmitate: p=0.02; [1-13C]oleate: p=0.03; overweight:
[dsi]palmitate: p=0.84; [1-*C]oleate: p=0.96). Training increased CD36, PGC-a,
CPT-1 gene expressions in both groups.

Conclusion: Moderate training independently of energy balance, increased
fasting but not postprandial and exogenous fatty acid oxidation in overweight
subjects. Monounsaturated fatty acid oxidation was improved in lean subjects while
saturated fatty acid oxidation failed to reach statistical significance. Positive
relationships of the physical activity level with both exogenous fat oxidations
suggest that further improvements in fat oxidation can be achieved when adequately
increasing total energy expenditure.
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2. INTRODUCTION

Obesity is the consequence of a chronic disequilibrium in energy balance
primarily due to a chronic fat imbalance (56). Although genetic factors determine
predisposition to obesity (67), environmental factors, such as a high-fat diet and a
sedentary lifestyle favor weight gain and likely explain obesity’s increased
prevalence in westernized societies (74). Since lipogenesis is negligible in humans,
weight gain represents the consequence of altered fat partitioning between
oxidation and storage, likely due to a preferential directing of dietary fat towards
adipose tissue and away from muscle both in fasting (16) and postprandial (8)
conditions. These abnormalities in the use of fatty acids observed in obese patients
are supposed to be primary rather than an adaptive response to excess weight and
may participate in the formation of the latter, because weight reduction was not
associated with improvement in fat utilization (22). Consequently, any intervention
that would affect dietary fat towards oxidation in muscle and decreases fat
deposition in adipose tissue might be of interest in preventing and/or reducing
weight gain.

Studies in animals and humans suggest that exercise plays an important role
in preventing weight gain (72). While fat oxidation is known to increase slowly to
match increased fat intake, increased daily energy expenditure, through the
performance of exercise, has been reported to accelerate the adjustment of total and
plasma fat oxidation to the proportion of fat ingested in both men (63) and women
(27). Thirty minutes of walking, undertaken in one session or accumulated
throughout a day, both increase in a similar extent postprandial fat oxidation (47).
Chronic moderate intensity training protocols in sedentary lean (1) or obese
individuals (25) resulted in increased total fat oxidation during exercise and in some
cases also improved fasting fat oxidation (23).

So far, most of the studies focused on the effect of exercise training on total
and plasma fatty acid oxidation (60) and only few studies such as Votruba et a/ (71)
investigated the effect of exercise on dietary fat oxidation. Indeed, Votruba et al
(71) reported that prior acute exercise at different level of intensity significantly
increases the oxidation of dietary monounsaturated fatty acid (oleate). However, the
effects of chronic exercise training, beyond the effect of acute exercise, on dietary
fat trafficking and oxidation have not received much attention neither in lean nor in
overweight subjects.

The current physical activity guideline for adults of 30 minutes of moderate
intensity activity daily (28) is efficient for limiting health risks for several chronic
diseases including coronary heart diseases and diabetes. However for preventing
weight gain or regain, this guideline is likely to be insufficient (53). This might be
related to an impaired effect of the current guidelines in improving dietary fat
oxidation. Although definitive data are still lacking, it seems likely that moderate
intensity activity of approximately 45 to 60 minutes per day, or 1.7 PAL is required
to prevent the transition to overweight or obesity (53). Schoeller er al (59) and
Weinsier et al. (75) showed that prevention of weight regain in former obese
individuals requires 60-90 minutes per day of moderate intensity activity or lesser
amounts of vigorous intensity activity. If higher recommendations of physical
activity are also required in overweight subjects remains to be answered.
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We hypothesize that chronic moderate physical activity, independently of
its effect on energy balance and beyond the acute effect of exercise, will favor a
preferential trafficking of fatty acids towards oxidation and away from storage,
through an increased expression of genes implicated in fat oxidation and storage,
and will partly correct the impairments in fat oxidation observed in overweight
subjects. Sedentary lean (n=10) and overweight (n=10) subjects underwent tests
before and after two months of training at current recommendations to investigate
dietary fat partitioning of the two main saturated (palmitate) and monounsaturated
(oleate) dietary fatty acid in the human diet.

3. RESEARCH DESIGN AND METHODS

3.1.  Subjects and inclusion criteria

Data are reported from the Strasbourg lipid oxidation study LIPOX which
took place at the University Hospital of Strasbourg (France). The inclusion criteria
were a body mass index (BMI) of 25< BMI < 35 kg/m? and a BMI of 20 < BMI < 25
kg/m? for overweight (n=10) and lean (n=10) subjects respectively. Healthy
volunteers, free of any chronic known diseases, were weight stable (+ 3kg body wt)
for at least 3 months before enrolment. Lean subjects had no first-degree family
history of obesity nor type 2 diabetes while overweight subjects had at least one
overweight or diabetic parent. Sedentary status at inclusion was determined by the
MOSPA-Q questionnaire (48), a RT3 triaxial accelerometer (Stayhealthy, Monrovia,
CA, USA) and a combined heart rate and motion sensor Actiheart (11, 19)
(Cambridge Neurotechnology Ltd) both worn for 7 days in free-living conditions
(51). RT3 and Actiheart was used to obtain an estimation of subjects’ PALs defined
as the ratio between total energy expenditure (TEE) and resting metabolic rate
(RMR). Since accelerometers tend to underestimate the PAL, an estimated-PAL <1.5
was set to screen sedentary individuals. Additional criteria were the absence of
participation to any structured exercise programs over the 12 months prior to the
study. Informed, written consent was obtained from each subject. The study was
approved by the Institutional Review Board of Alsace I (France).

3.2.  Physical activity intervention and weight maintenance diet

Aerobic training at the level of current recommendations (28) consisted of
four 60-min sessions per week at 50% VO: peak On a cycle ergometer during two
months. The peak oxygen uptake Vozpeak was determined by means of incremental
exercise test (20) to exhaustion performed in an upright position on an electronically
braked cycle ergometer (Medifit 1000S, Belgium). Throughout the study, research
dieticians followed the participants and the diet was regularly adjusted to maintain
subjects in energy balance.
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3.3. Dietary fatty acid oxidation protocols

Before and after interventions the participants underwent a series of clinical
tests, during which dietary fat oxidation trafficking was assessed using a
combination of stable isotope labeled fatty acids mixed in a standard breakfast,
indirect calorimetry and hourly blood samples. Thirty-six hours before the test, all
subjects were asked not to participate in any structured physical activities and were
provided with standardized microwaveable meals calculated to match requirements.
After an overnight fast, the subjects were weighed, and an intravenous catheter was
inserted into the forearm vein for arterialized blood sampling. Baseline breath, urine
and fasting blood samples were collected. RMR was measured for 1h by indirect
calorimetry using a Deltatrac metabolic cart (Deltatrac II; GE). Then, standard
breakfast covering 35% of the daily energy requirements (55% carbohydrate, 13%
protein, 32% lipid) was provided to the participants, which included a homogenized
liquid meal labeled with: 15 mg/kg [1-'3C]Joleate (>99% enriched; Cambridge Isotope
Laboratories (CIL), Andover, MA] and 20 mg/kg [d3i]palmitate (>98% enriched;
CIL). Total substrate use and non protein respiratory quotient (NPRQ) were
calculated hourly by indirect calorimetry CO2 and O2 measurements and nitrogen
excretion. Insulin, glucose, NEFA, triglyceride, cholesterol were collected and
measured as previously described (5). After 4h from the first meal ingestion, subjects
received a lunch covering 18% of daily requirements (72% carbohydrate, 18%
protein, 11% lipid). Following the first meal ingestion, hourly measurements and
sample collections were conducted over 8h. Vastus lateralis biopsies as previously
described (6) and adipose tissue biopsies extracted from needle liposuction, were
obtained 8h after the labeled breakfast. Separate breath and urine samples were
taken 24h after meal ingestion.

3.4. Body composition and total energy expenditure (TEE)

TEE was measured before and at the end training for a period of 10-d each
time, using the doubly labeled water method based on routinely procedures used in
our laboratories and described in details elsewhere (10). Subjects ingested a single
oral bolus of 2g/kg TBW of doubly labeled water composed of 0.2g/kg of H2%0
(99.85% enriched; CIL, ANDOVER, MA) and 0.15g/kg of ZH20 (10%enriched; CIL,
ANDOVER, MA). After baseline urine sample, equilibration time was taken at 3 and
4h postdose and then 3 subsequent urine samples were collected on days 3, 7 and 10
of the protocol. The mean daily CO:2 production was calculated according to
Schoeller er al. (58) equation :
rCO2= 0-455N x (1-01 x ko - 1-04 x kh), where N is the TBW calculated from the
isotope dilution spaces ((Do / 1-01 + Dh / 1.04) / 2) at the start of the observation
period, corrected for the change over the observation period, where ko, Do, kh and
Dh are elimination rates and dilution spaces for *O and 2H respectively. TEE was
subsequently calculated from the carbon dioxide production rate by the use of the
standard formula of indirect calorimetry with the Weir equation (76) using an
estimated food quotient of 0.86. PAL was calculated as the ratio of TEE over RMR
measured for one hour using indirect calorimetry (Deltatrac II; GE) at rest after an
overnight fast. Activity energy expenditure (AEE) was calculated as 90% TEE minus
RMR; thus assuming a diet induced-thermogenesis of 10%. Body composition was
assessed by hydrometry from the DLW-derived total body water (80). FFM was
calculated from TBW assuming a hydration factor of 0.732. FM was calculated as the
FFM difference form body weight.
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3.5.  Stable isotopes

The details on the isotope ratio mass spectrometry analyses can be found in
previous studies from our laboratories (5, 73). Briefly, the ratio of 3CO: to 2CO: in
breath was measured and analyzed in triplicates on a continuous-flow inlet system
connected to an isoprime isotope ratio mass spectrometer (GV Instruments, Isotope
Ration MS, Germany). [1-*Cloleic oxidation was calculated as the instantaneous
recovery of 13C in expired CO2 per hour and corrected for isotope sequestration by
assuming an acetate correction factor of 51% for lean subjects (4), and 45% for
overweight subjects, and were expressed as a percentage of the dose. 2H/'H from
urine samples was analyzed, as previously described (57). Recoveries of [d31]palmitic
acid were calculated as the instantaneous recovery of 2H in total body water per
hour, expressed as a percentage of the dose, as previously described (3, 5).

80 enrichements in TBW urine samples were decolorized by black carbon and
reduced to CO by carbon reduction at 1,400°C in an elemental analyzer (Flash HT;
ThermoFisher Germany) coupled to a Delta-V isotope ratio mass spectrometer in
Strasbourg and isotopic abundances were measured in quintiplicate. All enrichments
were expressed against International Atomic Energy Agency standards.

To determine dietary [dsi]palmitate and [1-13C]Joleate trafficking, total
lipids were extracted from plasma. NEFA fractions were separated by solid-phase
extraction and derivatized to methyl esters (Burdge GC 2000). Total VLDL and total
chylomicrons were extracted as prevouisly described (12) by ultracentrifugation at
80 000 rpm at 12°C (KENDRO S§150, rotor S140AT) during 30min using gradient of
0.997 density. The supernatants of chylomicrons were removed and the volume was
measured. The remaining precipitant density was increased by adding Kbr
(Potassium brum) and then ultracentrifuged for 1h10 at 10°C at 140 000 rpm, to
collect the VLDL. The absolute concentrations of the individual fatty acids were
calculated by reference to internal standards. To assess both the isotopic enrichment
and the individual fatty acid concentrations (both unlabeled and labeled) in the
same gas chromatography/mass spectrometry (Agilent 5975 Inert XL), we designed a
dual acquisition program in single-ion monitoring mode. The following m/z ratios
were acquired: 296 and 297 for oleate and 270 and 301 for palmitate. The
concentration of each labeled fatty acid was calculated by multiplying its molar
percent enrichment (MPE) by the concentration of its corresponding unlabeled
compound.

3.6. Real Time PCR (RT-QPCR)

Muscle biopsies were grounded in liquid nitrogen and total RNA was
extracted using mirVana™ miRNA Isolation Kit (Applied Biosystems, Courtaboeuf,
France). RNA concentration was measured with Nanodrop ND1000 (Labtech,
Palaiseau, France) and integrity assessed using an Agilent 2100 Bioanalyzer (Agilent
Technologies, Massy, France).First-strand cDNAs were synthesized from 500 ng of
total RNA in the presence of 100 units of Superscript II (Invitrogen, Cergy Pontoise,
France) using a mixture of random hexamers and oligo (dT) primers (Promega,
Charbonniéres, France). Real-time PCR assays were performed using a Rotor-
GeneTM 6000 (Corbett Research, Mortlake, Australia) in a final volume of 20ul
containing 5yl of a 60-fold dilution of the RT reaction medium, 10pl of reaction
buffer from the Absolute QPCR SYBR Green ROX Mix (Abgene, Courtaboeuf,
France) and 0.375pM of the specific forward and reverse primers. For quantification,
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a standard curve was systematically generated with six different amounts of cDNA.
Each assay was performed in duplicate, and validation of the real-time PCR runs was
assessed by evaluation of the melting temperature of the products and by the slope
and  error obtained with  the standard curve.  Hypoxanthine
phosphoribosyltransferase mRNA level was determined in each sample and was used
as internal standard for normalization of target mRNA expression. The list of the
PCR primers and the quantitative PCR assay conditions are available in the table
below. The RT-QPCR was applied to detect the expression of Fatty acid translocase
(FAT/CD36), carnitine palmitoyle transferase 1 (CPT-1), peroxisome proliferator-
activated receptor coactivator (PGC-1a), peroxisome proliferator-activated receptor
beta (PPAR-B), serine palmitoyltransferase, long chain base subunit 1 (SPTLC1),
uncoupling protein 3 (UCP3), Sphingolipid delta(4)-desaturase DES1, and o2
isoform of the catalytic subunit of AMPK: PRKAA2.

3.7.  Data organization and statistical analysis

The normality of the distribution of all parameters was tested using
Shapiro-Wilk test. Paired t-tests were used to test the effect of training within
group. Mixed models were used to test putative anthropological and physiological
determinants of oleate and palmitate oxidations within group, with the given
parameter as a covariable and time as a repeated effect and subject as random effect.
Postprandial concentrations of parameters were calculated as the area under the
curve over 8hrs after the first meal ingestion. All data are represented as mean + SE,
and the level of significance was set as P < 0.05. All statistics were performed using
SAS Enterprise Guide 3.0 (SAS Institute Inc., Cary, NC, USA).
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4. RESULTS

4.1. The impact of training on body composition and energy
expenditure

Subjects’ characteristics are shown in table 1. Both groups succeeded in
maintaining their body weight stable as required in the protocol, however training
modestly increased FFM in overweight group (1.2%, p=0.03). In lean subjects,
training increased VO:max (ml/kg/min) by 13.1%, (p=0.005), TEE by 15.8%
(p=0.005), AEE normalized for body weight by 48.4% (p=0.004) and PAL by 14.3%
(p=0.004). RMR increased in the overweight group by 4% (p= 0.003).

4.2.  Fasting and postprandial plasmatic parameters

No changes in fasting and postprandial concentrations of glucose, NEFA, TG
and fasting insulin were found in both groups (Figure 1). Postprandial insulin
decreased in overweight subjects by 21% (p=0.002) but not in lean group (p=0.1).

43. Muscle gene expression of key lipid metabolism proteins
(Figure 2)

Training increased CD36 (lean 35.9% p=0.009, overweight 57.95% p=0.02),
CPT-1 (lean 19.78% p=0.003, overweight 54.28% p=0.008) and PGC-la (lean
13.06% p=0.03, overweight 25.36% p=0.03) gene expressions. In addition, DES-1 and
SPTLC2 gene expression were increased in the lean group (DES-1: 21.95% p=0.04;
SPTLC2: 35.81% p=0.02) but not in the overweight group (DES-1: 25.18% p=0.09;
SPTLC2: 26.16% p=0.66). SPTLC1 gene expression was increased in the overweight
group by 24.93% (p=0.03) and tended to increase in the lean group by 17.66%
(p=0.06). Training had no significant effect on PPAR-B, UCP-3, SREBP-1c, ACC2,
mtGPAT and PRKAA?2 gene expressions.
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Table 1. Characteristics of the participants at baseline and after interventions on

physical activity.

sedentary lean sedentary overweight
men men
After 2 months of After 2 months of
Baseline training Baseline training

n 10 10 10 10
Age (years) 27.242.9 27.6%1.1
Body mass (kg) 76.7+3.0# 76.142.9 99.3£2.9 99.4+3.1
BMI (kg/m?) 22.9+0.7 # 22.740.6 30.4+0.5 30.4+0.6
Fat mass

kg 17.9+£1.9# 17.0£1.7 32.3£1.5 31.7£1.5

% 22.9+1.8# 21.941.7 32.4+1.1 31.8£1.0
Fat free mass, kg 58.8+1.9# 59.2+1.9 67.0+2.0 67.842.2 *
VO3peax

I/min 3.0+£0.2 # 3.4+0.2 * 3.1£0.2 3.3+£0.2
mlkg '.min' 39.741.8# 44.9+1.9 * 31.6+1.5 33.2+1.6
NPRQ 0.856+0.010 # 0.852+0.014 0.894+0.007 0.867+0.011
TEE MJ/d 10.7+£0.5 # 12.3+0.7 * 14.140.7 14.5+0.5
RMR MJ/d 6.6+0.2 # 6.740.2 7.5+0.2 7.8+0.2 *
RMR, girrm MJ/d 7.0£0.1 # 7.140.1 7.240.2 7.4+0.2 *
AEE MJ/d 3.0+0.4 # 4.4+0.5 * 5.240.5 5.2+0.4
AEE (kJ/d/kg) 38.9+4.6 # 57.746.3 * 51.643.7 51.942.9
PAL 1.60+£0.07 # 1.83+0.08 * 1.87+0.06 1.85+0.06
Exercise power W 129.2+£5.6 159.1+£8.9 * 124.5+7.24 169.0+11.1 *
Fasting Glucose (g/1) 0.88+0.03 0.87+0.03 0.89+0.02 0.91+0.02
Fasting Insulin (mU/I) 5.15+£0.65# 4.41+0.42 11.00+2.05 12.07+2.05
Fasting TG (g/l) 0.92+0.11 0.8440.13 1.0340.10 1.11£0.10
Fasting NEFA (mmol/l)  0.39+0.05 0.38+0.04 0.36+0.04 0.35+0.04

BMI, body mass index; VO2peak, peak oxygen consumption; NPRQ, non protein respiratory
quotient; TEE, total energy expenditure; RMR, resting metabolic rate; RMRagrrv, RMR
adjusted by fat free mass; AEE, activity energy expenditure; PAL, Physical activity level;
NEFA, non-esterified fatty acids; TG, triglycerides. * p < 0.05 exercise training vs. baseline
within the same group; # lean vs. overweight at baseline.
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4.4. Total substrate use

No changes in fasting and postprandial carbohydrate and protein oxidation,
and postprandial fat oxidation were noted in both groups (postprandial fat oxidation
lean: 2%, p=0.9; overweight: 25%, p = 0.5). Fasting fat oxidation increased in the
overweight group by 35.8% (p=0.04) but not in the lean group (p=0.5). CPT-1
explained fasting fat oxidation in overweight group (p=0.03) but not in the lean
group (p=0.86). Training increased oleate oxidation by 15% (p=0.049) but not
palmitate oxidation (p=0.2) in the lean group. No effect of training on both
exogenous fatty acids was noted in the overweight group ([1-*C]oleate p=0.75;
[ds:]palmitate p=0.51) (Figure 3). Activity energy expenditure and PAL explained
both dietary fatty acids oxidation and TEE explained only [1-!*C]oleate oxidation in
the lean group: [dsi]palmitate: PAL p=0.02, AEE kJ/d/kg p=0.01, TEE p=0.18; [1-
3CJoleate: PAL p = 0.03, AEE kJ/d/kg p=0.03, TEE p=0.03, while these relationships
were not significant in the overweight group: [dsi]palmitate: PAL p=0.84, AEE
kJ/d/kg p =0.87, TEE p=0.42; [1-*CJoleate: PAL p=0.96, AEE kJ/d/kg p=0.93, TEE
p=0.30 (Figure 4).

45. Exogenous [dsi]palmitate and [1-'3C]oleate trafficking (Figure
5)

After chronic training, no changes in the appearance rate of [d3i]palmitate
and [1-*C]oleate in chylomicrons and VLDL were found in both groups. Training
decreased [1-13C]oleate appearance rate in postprandial NEFA fractions (p=0.008) in
the lean group. [1-*C]oleate appearance rate in NEFA was explained by PRKAA2
gene expression (0.047). [dsi]palmitate appearance rate in NEFA also tended to
decrease (p=0.08) in the lean group.
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Figure 1: Time course of glucose, insulin, non-esterified fatty acids NEFA and
triglycerides concentration for lean (n=10) and overweight subjects (n=10). Time 0
corresponds to the labelled breakfast ingestion, time 240mn represent the ingestion of

the second meal. The cumulative responses of these parameters were calculated by the
area under the curve (AUC) over 8hrs after first meal ingestion. * exercise training vs.
baseline within the same group; # lean vs. overweight at baseline.
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Figure 2: Training effects on mRNA gene expression in the vastus lateralis muscle. Results

expressed in % of the fold change vs. the baseline values at 100%. Data are mean +SE. * p<0.05 vs.

baseline.
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parameters were calculated over 8hrs after first meal ingestion. * exercise training vs. baseline
within the same group; # lean vs. overweight at baseline.
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5. DISCUSSION

Two months of moderate exercise training based on current
recommendations, independently of energy balance, failed to increase total energy
expenditure, total postprandial and exogenous fat oxidations in overweight subjects
while only fasting fat oxidation was increased. In lean subjects, training increased
exogenous monounsaturated fatty acid (oleate) oxidation and saturated fatty acid
(palmitate) oxidation failed to reach statistical significance, while fasting and
postprandial total fat oxidation were unchanged. The major finding of the current
study was that PAL explained positively both dietary fatty acid oxidations in lean
subjects but not in overweight subjects.

5.1. Fasting and postprandial total fat oxidation

Training increased fasting fat oxidation in overweight subjects at rest,
similar to other studies (14, 49). There are several reasons to explain why physical
activity might increase the capacity for fat oxidation. While exercise training at
moderate intensity induces higher capacity for, and reliance upon, fat oxidation
during the exercise session (2), chronic exercise enhances the activity of oxidative
enzymes and increases capillary density, thus facilitating fatty acid utilization also at
rest (25).

Indeed, CPT-1 explained fasting fat oxidation improvement in overweight
subjects. CPT-1 catalyses the transfer of fatty acyl-CoA into mitochondria, where
they undergo oxidation (37). Thus we can suggest that increases in fatty acid
transport into the mitochondria induced a consequent increase in fasting fat
oxidation in the overweight group. A limited fatty acid uptake in myocytes or
mitochondria can lead to an impaired ability to stimulate fatty acid oxidation (18).
CPT I activity is reduced in skeletal muscle from obese individuals and is likely to
contribute to the suppressed rates of FA oxidation in obesity (38). This improvement
might also be attributed to an improvement in LPL (17) or alterations in muscles
fiber (37). It might not be due to an increase in oxidative capacity because
overweight subjects’ VO: max was unchanged after training. However, they
increased their fat free mass and it was shown that changes in fat-free mass
correlates with increases in total fat oxidation (49). Increases in RMR in overweight
subjects, seem also a potential candidate explaining the improvement in fasting fat
oxidation.

Postprandial insulin concentration was reduced in overweight subjects
suggesting improvement in insulin sensitivity. This might also have a role in
improvement in fat oxidation. Insulin sensitivity is related to fat oxidation (18) and
particularly the augmentation of resting rates of fat oxidation is a specific metabolic
correlate of the amplitude of improvement in insulin sensitivity (25). Insulin has a
antilipolytic effect, and acts on LPL in adipose tissue to store TG and inhibits HSLP
and NEFA liberation (30). The improvement in fasting fat oxidation in the
overweight group combined with the decrease in insulin concentrations represents
the positive effect of exercise in improving metabolic flexibility. Metabolic
flexibility is defined as the capacity to switch from fat to carbohydrate oxidation
after insulin stimulation, and to increase fat oxidation during fasting, which is a way
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to reflect the capacity to increase fat oxidation in general (18). Chronic exercise
training was shown to improve the capacity of skeletal muscle to utilize fatty acids
for fuel during exercise, and in some cases also improves fasting fat oxidation, which
indicates that metabolic flexibility is improved (18).

On the other hand, in lean subjects, training, independently of body composition
changes, failed to increase fasting fat oxidation. Similarly, other studies found no
improvement in fat oxidation in lean subjects at rest (60) but rather during exercise
as response to chronic training (60, 62). Thus, it seems that fasting fat oxidation in
lean subjects is less prone to changes than in overweight subjects when no
modifications in body weight occur. However, when body weight is reduced by
restricted diet, and in particular body weight composition i.e fat mass reduction, it
seems that exercise effect is enhanced in improving fasting fat oxidation in lean
subjects (18).

Conversely, postprandial fat oxidation does not show significant
improvement neither in lean nor overweight groups. It was shown that exercise, in
the absence of weight loss or body mass composition changes, does not reduce fatty
acid mobilization and uptake (34). In contrast to chronic training, acute prior
exercise increases postprandial fat oxidation (47). Thus, chronic training effect on fat
oxidation differs from the acute effect of exercise. It was suggested that exercise has
only short term beneficial effect on lipid metabolism (54). De-training studies
provide compelling evidence that exercise training may not markedly influence TG
metabolism in the absence of recent exercise and that training induced changes in
TG metabolism may be short-lived (24). In our study, we did not find significant
changes in fasting and postprandial NEFA and TG concentrations. Other studies
have found no changes in NEFA after three months training nor in the expression of
key genes of lipolytic pathway (50). Thus, exercise training in the absence of acute
exercise does not appreciably influence postprandial lipemia and TG concentration,
and the influence of moderate training on blood lipids is not supported with strong
evidence (66).

Exercise parameters i.e the intensity and the duration of the exercise seem
to be primary factor influencing fat oxidation (68). We can speculate that
modulation of exercise parameters such as longer period (>2months) or frequency
(>4times/week) might affect more markedly fat metabolism and its related enzymes.
However studies of longer duration (3-6months) and higher frequency (4-5
times/week), in energy balance, found no changes in lipid profile ie TG
concentration both in lean (65) and overweight (39) subjects.

5.2. Gene expressions

Interestingly, looking at values of several gene expressions, while CD36
ranged in the same order between lean and overweight subjects, other gene
expressions such as CPT-1 and ACC enzymes responsible for fat oxidation, were
divided by two fold or more in overweight subjects. ACC catalyses the
carboxylation of acetyl-CoA to form malonyl-CoA, an intermediate that ihibits
CPT-1. This suggests that fat uptake facilitated by CD36 is similar (35) between lean
and overweight subjects, and reduction in fat oxidation is more related to the
reduction in fat oxidation enzymes or uptake into mitochondria (52). In other
words, fatty acid oxidation between overweight and lean subjects is limited by
factors inside the muscle cell, rather than by limitations in transmembrane transport
(37). However, a comparison of lean and obese rat muscles revealed that fatty acid
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transport, esterification, and oxidation are upregulated in muscles of obese Zucker
rats (32). In addition, it was shown recently, that mitochondrial content, rather than
mitochondrial capacity is responsible for the reductions in fat oxidation in obesity
(33). Nevertheless, the increase in fatty acid availability, through an increased
uptake via the increase in CPT1 gene expression, led to an increase in fasting fat
oxidation in the overweight group.

Although no marked changes in total fat oxidation was found in both
groups, training increased gene expressions of several enzymes implicated in fat
metabolism and transport. Other studies have also shown that exercise enhances the
gene expression of proteins involved in fat oxidative pathways (69). This increase in
gene expression of fat metabolism enzymes suggests that on a longer term, potential
improvement in lipid oxidation might occur with training. Indeed, training
increased PGCla, CD36 and CPT-1 gene expressions. PGCla is a co-activator
involved in adaptive thermogenesis, mitochondrial biogenesis and fatty-acid
oxidation (46). Thus, we might suggest that the increase in PGCla might have led,
partly to the increase in exogenous lipid oxidation in lean subjects through a direct
role in lipid oxidation in the mitochondria. This was facilitated by the increased
availibity of fatty acid through transport into the cell and subsequently into the
mitochondria through enhacement of gene expression of fatty acid transporters
CD36 and CPT1. CD36 has a major role in fatty acid transport across plasma
membranes in muscle (37). Other studies indicate that exercise training alters the
localization of FAT/CD36 and increases its association with CPT I, which may help
augment fat oxidation (55). Moreover, similar to our results, endurance training in
obese individuals improved CPT-1 activity and reduced sensitivity of CPT-1 for
malonyl-CoA (13). Consequently, the reduction in oleate and palmitate
concentrations in NEFA fractions we found might be attributed to the improvement
in transport enzymes inducing an enhanced clearance of exogenous fatty acid into
the cell and further into mitochondria to be oxidised. This might explain the
positive effect of chronic exercise on exogenous fatty acid oxidation. Altogether, we
might suggest that improvement in exogenous fatty acid in the lean group and
fasting fat oxidation in the overweight group were enhanced through fatty acid
availability facilitated by an increased transport into the myocyte and mitochondria,
and through the increase in the oxidative capacity. We can also suppose that gene
expression improvement shown during two months is prior to future potential
improvement in total fatty acid which may occur later.

Additionally, DES-1 and SPTLC2 were increased in lean group while
SPTLC1 gene expression increased in the overweight group. DES1, SPTLC1 and
SPTLC2 are responsible of the synthesis of ceramide, an intracellular signaling
molecule. In the line of our results, Helge er al (29) reported no difference in the
ceramide content of muscle from trained and untrained individuals and found that
prolonged exercise elevated the content of ceramide fatty acids both in trained and
untrained men. However, some studies have related ceramide concentration to
insulin resistance and found that total ceramide content of skeletal muscle decreased
in conjunction with enhanced insulin sensitivity in obese individuals after a short-
term training program (13). Ceramide, as a second messenger in regulation of
different cell functions, could influence muscle cell adaptation to exercise (29).
Moreover, we can speculate that since transport of fatty acid into the cell and
mitochondria is enhanced through CD36 and CPT1 gene expression found in both
groups, fatty acid availability is increased and exceeds further rate of oxidation
improvement requiring longer period, thus fatty acids intermediates such as
ceramide can accumulate within the cytosol. Further evidence suggest a strong
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relationship between fatty acid induced insulin resistance in human skeletal muscle
and alterations in the DAG signalling pathways but not with ceramide (52). The
finding that ceramide might not be linked to insulin resistance might explain the
increase in DES1 and SPTLC1 mRNA gene expression we found after training, when
considering that training ameliorated insulin sensitivity in our overweight subjects.

5.3. Oleate and palmitate trafficking and oxidation

While no noticeable improvements were found in overweight groups in
exogenous lipid oxidation, training increased exogenous oleate oxidation and
palmitate oxidation failed to reach statistically significant values in lean group. Lean
subjects decreased oleate concentrations in NEFA fractions, while palmitate tended
to decrease in NEFA after training. This suggests that training reduces the
appearance rate of labeled fatty acid in lipid fractions and consequently enhances
clearance of both exogenous fatty acids and more markedly oleate from plasma
NEFA into tissues. In our case, and with respect to the higher exogenous oxidations,
palmitate and oleate are probably more vehiculed into myocytes and further into
mitochondria to be oxidised. We suggest that the increased availability of fatty acid
inside the myocyte and the mitochondria induced a higher oxidation rate. Similar to
our results, Votruba er al (71) reported that prior acute exercise significantly
increases the oxidation of dietary oleate but does not impact the oxidation of dietary
palmitate.

Recent data suggests that oleate, compared with other fatty acids, is
predominantly used for VLDL-TG synthesis (31). Thus, VLDL might act as a
reservoir for exogenous oleate waiting to be oxidised at a later stage. This is
interesting to note, taking into account that whole TG and chylomicrons
concentrations in oleate and palmitate were not modified by training suggesting that
the two fatty acids are similarly absorbed and uptaked as others have found (21), and
that compensatory effects of oleate and palmitate might be regulated between NEFA
and VLDL fractions. Other studies, however, found differential packaging between
SFA and MUFA (31). Further studies are warranted to elucidate the mechanisms
related to the difference in SFA and MUFA metabolism.

We also found decreases in NEFA oleate and palmitate concentrations
while total NEFA remained unchanged. Beyond the enhanced clearance of
exogenous fatty acid from plasma into the myocyte, this might suggest that lipolysis
of endogenous NEFA i.e NEFA hydrolyzed from adipose tissue is favored and
endogenous NEFA are available to be oxidized in parallel of the exogenous fatty
acids at rest. Maffeis er al (45) found that exogenous fat oxidation was directly
related to fat mass, while endogenous fat oxidation was inversely related to fat mass
(45). They explained these relationships as an attempt on behalf of the organism to
counteract the increase in body fat. Schrauwen er al (60) found that training tends
to specifically increase the capacity to oxidize endogenous fatty acid both at rest and
during exercise. In addition, exogenous fat in the postprandial phase is mostly stored
(in adipose tissue) (61). During moderate exercise, obese sedentary men were shown
to increase their rates of fatty-acid oxidation from non plasma sources presumably,
from intramuscular sources compared with lean sedentary men during exercise (26).
However, our results show that exogenous fatty acid oxidation (oleate) is increased
with training in the lean group, and thus it is more likely that both endogenous and
exogenous fatty acid oxidation are favored by training.
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54. Total energy expenditure as the driver for exogenous fat
oxidation

Training increased total energy expenditure TEE, activity energy
expenditure AEE and physical activity level PAL in lean subjects. In opposite and
although overweight subjects, were trained similarly to lean counterparts, their TEE,
AEE and PAL did not increase. An explanation for this, is the compensatory
behavior noted in overweight subjects by reduction of the non exercise related daily
activity (78) in opposite to the imposed structured exercise. Classically, TEE can be
divided into resting metabolic rate, diet induced thermogenesis and AEE. AEE is the
main compartment that can be modulated voluntary by individuals and can also be
differentiated between spontaneous NEAEE defined as any bodily movement and
exercise defined as a subset of physical activity that is characterized by planned and
purposeful training (15). The importance of NEAEE to health outcomes i.e obesity
has been recently highlighted (40) and NEAEE has been reported to be a predictor
factor in weight gain (43). It was shown that increasing total energy expenditure by
exercise is moderate and there is a limited number of studies that found an increase
in energy expenditure, as measured by doubly labelled water, through exercise
training (7, 9, 70, 77).

Modulating physical activity, however, is not always followed by effects on
total energy expenditure. Indeed, compensatory behaviours might occur, which can
reduce the effect of modifying AEE. Introducing exercise training into a sedentary
life style might result in a compensatory behaviour by reducing the non exercise
activity in individuals with predisposition to be sedentary. However, in lean
subjects, after training of 18 wk, Van Etten er a/ (70) found no changes in non
training activity. In this line, our trained group was not given any instructions about
modifying NEAEE. The positive increase in their TEE suggest that they did not
compensate the imposed structured by decreasing their NEAEE.

Nevertheless, the effect of modulating physical activity is less obvious in
overweight subjects. Our results show that although our overweight subjects were
trained similarly as lean subjects with 3xtimes controlled exercise sessions plus one
uncontrolled session per week, they failed to increase their TEE. This suggests that
overweight individuals adopted a compensatory behaviour of reducing their NEAEE
as opposite to the increase in energy expenditure imposed structured exercise, and
thus equilibrating any increase in total and AEE. The fact that this compensatory
behaviour was not observed in lean subjects might suggest that a predisposition of
overweight subjects to sedentary behaviours may be primary to weight gain. In this
line, Levine et al reported a very significant relationship between NEAEE and
adiposity in lean and obese subjects (40, 44). While both of these groups spend the
same time in lying down and sleeping, obese subjects spend 2.5 times more in sitting
position. On the other hand, studies on the effectiveness of diet+exercise
interventions versus diet-only interventions for weight loss show it is difficult to
overcome diet-induced reduction of physical activity with exercise training. A meta
analyze of a total of 18 randomized controlled trials on weight loss conducted for a
minimum of 6 months showed an overall difference of only 0.25kg between the two
groups (79). At a negative energy balance, the additional exercise was compensated
by a reduction of non training activity, resulting in comparable decrease of total
energy expenditure in the diet plus exercise and the diet only groups (36).
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Recently, Bergouignan et al (5) during bed rest studies with subjects of
NEAEE deficiency, found that whereas the combined resistive and aerobic exercise
partially maintained the total fat oxidation likely due to the exercise induced
energy expenditure, it did not mitigate the decrease in exogenous palmitate
oxidation. Taking these results together, they supposed that this lack of impact on
exogenous fat oxidation is rather caused by the NEAEE deficiency rather by
insufficient exercise induced energy expenditure. They further extrapolated their
results in assuming that whereas total lipid oxidation may be a function of exercise
induced energy expenditure, dietary fat oxidation would be function of NEAEE. Our
results show a positive relationship between AEE and exogenous lipid metabolism in
lean subjects. Although we measured overall AEE and we did not differentiate
between AEE spent with NEAEE and AEE spent with the structured exercise,
however, the lack of improvement in overweight subjects of exogenous fatty acid
oxidation in parallel with reduction in NEAEE suggests that predominantly the
relation we found between AEE and exogenous fatty acid oxidation can be
extrapolated indeed to a relationship between NEAEE and exogenous fatty acid
oxidation. In this line, Stubbs er al. (64) showed that active individuals tolerated
more the high fat diet compared with inactive and this may be related to difference
in daily NEAEE. Moreover, Smith er al. (63) and Hansen et al. (27) reported that the
increase in the daily energy expenditure accelerated the adjustment of fat oxidation
to the proportion of fat ingested in men and women respectively.

In other words, the lack of improvement in exogenous fatty acid we

observed in overweight subjects is not surprising, if we can suggest that this mainly
due to the lack of NEAEE, independently of an increase in structured exercise. The
positive relationship we found of AEE and exogenous fatty acid oxidation suggests
that improvement can be achieved when sufficient increase in AEE. These increases
might be produced in enhancing NEAEE. Thus NEAEE might be a key modulator in
body weight regulation through lipid balance.
Moreover, modulation in NEAEE can exceed TEE obtained by current
recommendation (42). However, NEAEE deficit in obesity is closer to 2-3h of
walking throughout the day corresponding to 2000-2500Kcal/week (44). Moreover,
other studies showed that NEAEE failed to improve lipid profile (41).

Altogether, our results show that exogenous oxidation is predicted by
modulation in physical activity. This finding is of a particular importance for it
suggests that improvement in exogenous fatty acid oxidations can be achieved with
further modulations of physical level such as longer duration or frequency of the
exercise applied. However, the relationship of exogenous fatty acid oxidation with
the PAL suggests that increases in total energy expenditure by any intervention i.e
increases in NEAEE is of benefit for fat oxidation improvement, regardless of
structured exercise. In other words, sedentary individuals may beneficially increase
their fat oxidation by increasing any sort of activity without constraint of physical
activity imposed programs. However, we can not rule out the importance of the role
of structured exercise per se and further investigations of a combined or separate
structured and/or NEAEE are required. These findings reveal a potential new extent
for physical activity guidelines and health outcomes in general population. While
current recommendations did not achieve significant changes in total fat oxidation,
the question remains how much physical activity would be sufficient to induce
improvements in fat metabolism. Further studies to determine such level are
warranted in opening new therapeutic implications in preventing weight gain.
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In conclusion, training increased TEE in lean but not in overweight subjects
due to compensatory behaviors. Moderate training without weight loss, increased
fasting but postprandial and exogenous fat oxidation were not affected in
overweight subjects. Mono-saturated fatty acid was increased in lean subjects.
Positive relationships of the physical activity level with both exogenous fat
oxidations suggest that further improvements in fat oxidation can be achieved when
sufficiently increasing total energy expenditure regardless of structured exercise.
Further studies are warranted to determine how much physical activity (structured
and/or NEAEE) is needed to induce significant fat oxidation improvement. While
data demonstrating a causal role of physical activity in the pathophysiology of
obesity are unambiguous, our results provide key data on the current debate about
the role of physical activity in the treatment of obesity and metabolic disorders
associated with physical inactivity, demonstrating a positive relationship between
the amount of energy expended during activities and the fate of dietary lipids. This
suggests that research efforts on the types of physical activities to promote in
different populations are imperative in the context of treatment and prevention.
Given the contrasting effects of so-called spontaneous activities versus structured, it
seems essential that these studies take into account the socio-ecological environment
to which populations at risks evolve.
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Résumé

Introduction

La flexibilit¢é métabolique est définie comme la capacité d'augmenter
I'oxydation des lipides en réponse a une augmentation de la disponibilité accrue en
acides gras et de relayer entre les lipides et les glucides comme carburant primaire
suite a une stimulation par l'insuline. En revanche, comme l'ont suggéré les études
sur l'activité physique et/ou les interventions de régime alimentaire spécifique,
lI'inflexibilité métabolique peut étre favorisée par des facteurs de style de vie tels que
les comportements sédentaires et le régime alimentaire a haute densité énergétique
ou riche en matieres grasses. L'observation selon laquelle une activité physique
chronique améliore la capacité du muscle squelettique a utiliser les acides gras
comme carburant durant l'exercice et, dans certains cas améliore également
I'oxydation des lipides a jeun, suggere indirectement que la flexibilité métabolique
pourrait étre améliorée avec l'exercice régulier. Alors que les données démontrant
un effet significatif de l'activité physique combiné avec une perte de masse sur la
flexibilité métabolique restent univoques, l'effet du niveau d'activité physique per se
indépendamment de la balance énergétique sur la flexibilité métabolique n’est pas
encore clarifié. L'évaluation de la flexibilité métabolique n'est cependant pas
clairement établie. Parce que de nombreuses définitions de la flexibilité métabolique
peuvent étre trouvées dans la littérature, il n'existe aucune méthode standard a
appliquer. La plupart des études ont utilisé la méthode du clamp hyperinsulinémique
euglycémique, car elle permet d'effectuer des mesures dans un environnement
contrdlé. Toutefois, une telle condition pharmacologique envahissante ne refléte pas
la dynamique des réponses physiologiques postprandiales. D'autres approches ont été
utilisées pour évaluer la flexibilité métabolique telles que les changements entre le
quotient respiratoire (QR) a jeun et postprandial et 1'aire sous la courbe du QR a la
suite de l'ingestion de repas. Cependant, le quotient respiratoire QR a jeun est
fortement influencé par le bilan énergétique et la composition en macronutriments
des repas consommeés les jours précédents les tests.

Objectifs

L'objectif de cette étude était de déterminer 1) si la flexibilité métabolique
varie dans les groupes de sujets avec différents niveaux d’activité physique habituel
et 2) si une intervention sur l'activité physique (entrainement / désentrainement)
peut moduler la flexibilité métabolique. Un objectif secondaire était de tester de
nouvelles méthodes d’évaluation de la flexibilité métabolique fondées sur la nature
dynamique des réponses métaboliques a des repas standardisés.

Matériels et méthodes

On a évalué la flexibilité métabolique chez 47 sujets: hommes sédentaires
normopondérés et en surpoids soumis a 2-mois d'exercice selon les
recommandations actuelles, hommes actifs normopondérés soumis a 1 mois de
réduction du niveau d’activité physique et des femmes normopondérées soumis a
deux mois d’alitement d’extréme inactivité avec ou sans exercice. Les mesures de la
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flexibilité métabolique ont été effectuées avant et apreés les interventions,
indépendamment de leffet d'un exercice aigu. La flexibilité métabolique a été
évaluée apres deux repas standards 1) individuellement en tant que la relation entre
les variances des taux d'insuline et du quotient respiratoire non-protéique NPRQ et
2) au niveau du groupe en tant que les pentes linéarisées des percentiles de 1'insuline
et NPRQ.

Résultats

Les variances de l'insuline et du NPRQ étaient négativement corrélée avec
le continuum du niveau d’activité physique chez les sujets normopondérés (p =
0,046) mais pas chez les sujets insulino-résistants en surpoids. L'inactivité physique
réduit la flexibilité métabolique (p <0,01). L’exercice combiné avec une balance
énergétique négative a contrebalancé l'effet de l'alitement sur la flexibilité
métabolique. L’entrainement, sans perte de poids, était associé a une amélioration
significative de la flexibilité métabolique chez les sujets normopondérés (p = 0,06),
mais n’a pas amélioré la flexibilité métabolique chez les sujets en surpoids.

Discussion

En utilisant deux nouveaux indices qui tiennent compte de la dynamique
quotidienne des réponses du quotient respiratoire et de I'insuline a l'ingestion de
repas séquentiels, notre résultat majeur est que le niveau de l'activité physique
habituelle prédit la flexibilité métabolique chez les sujets normopondérés
indépendamment de tout effet d'un exercice récent et d’effets quantifiables de la
balance énergétique. Ainsi, les personnes normopondérés actives ont une plus
grande capacité a basculer de l'utilisation d'acides gras libres vers le glucose comme
carburant primaire entre le jeline et postprandialement, que leurs homologues
inactifs. Une telle relation suggere qu'une augmentation de l'activité physique doit
étre associée a une ameélioration de la flexibilité métabolique alors qu'une réduction
du niveau d'activité physique devrait la diminuer et que cela est plus efficace chez
les personnes normopondérés. Si l'inactivité physique affecte d'une maniére efficace
la flexibilité métabolique chez les sujets normopondérés actifs, les effets de
I'entrainement physique, sans perte de poids, sur la flexibilité métabolique, sont
moins marqués chez les personnes sédentaires. On peut suggérer que la durée de
Pentrainement et de l'intensité utilisée dans la présente étude, c'est a dire sur la base
des recommandations actuelles développées a 1'origine pour diminuer les risques
cardio-vasculaires, n’ont pas suffi a avoir une incidence significative sur la flexibilité
métabolique. Enfin, l'absence d'effet de l'exercice chez les sujets insulino-résistants
en surpoids pourrait simplement refléter le fait que 1'entrainement physique n’a pas
augmenté la dépense énergétique totale dans ce groupe. En conclusion, le niveau
d’activité physique habituel prédit la flexibilité métabolique chez les sujets
normopondérés mais pas chez les sujets insulino-résistants en surpoids. La forte
détérioration de la flexibilité métabolique observée apres l'inactivité physique, par
rapport a une absence d'amélioration significative de la flexibilité métabolique apres
un entrainement selon les recommandations actuelles, a la fois chez les sujets
normopondérés et les sujets en surpoids souligne l'importance des activités de la vie
quotidienne.
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1. ABSTRACT

Objective: Although insulin resistance and type 2 diabetes are associated with
metabolic inflexibility and sedentarism, the effect of habitual physical activity level
(PAL) on metabolic flexibility (MF) regulation is poorly characterized. We
investigated how PAL affects MF in cross-sectional and interventional studies.

Research design and methods: MF was assessed in 47subjects: lean and overweight
sedentary men submitted to 2-months of exercise at current recommendations, lean
active men submitted to 1-month of reduced PAL and lean women submitted to 1-
month of bed rest with or without exercise. MF measurements were performed
before and after interventions independently of acute exercise. MF was evaluated
following two standard meals 1) individually as the relationship between variances
in insulin and non-protein respiratory quotient (NPRQ) and 2) at the group-level as
the slopes of linearized insulin and NPRQ percentile/percentile plots.

Results: Insulin and NPRQ variances were negatively related along the continuum
of PAL in lean subjects (p=0.046) but not in overweight insulin resistant subjects.
Physical inactivity reduced MF (p<0.01). Exercise combined with negative energy
balance prevented the bed rest effect on MF. Training without weight loss was
associated with a nearly significant MF improvement in lean subjects (p=0.06), but
failed to improve MF in overweight subjects.

Conclusion: Habitual PAL predicts MF in lean but not overweight subjects. The
stronger deterioration of MF observed after physical inactivity, when compared to
the lack of significant improvement in MF after training at current
recommendations in both lean and overweight subjects, highlights the importance
of daily living activities.
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2. INTRODUCTION

Metabolic flexibility is defined as the capacity to increase fat oxidation upon
increased fatty acid availability and to switch between fat and glucose as the primary
fuel [1]. In healthy individuals, during fasting, the body relies mainly on fatty acid
oxidation while glucose is saved for glucose-dependent organs. Postprandially,
lipolysis is rapidly suppressed by insulin and glucose is used as fuel.

Several metabolic disorders such as obesity, insulin-resistance and type 2
diabetes are characterized by a deregulation between the capacity for f3-oxidation,
glycolysis and mitochondrial oxidative capacity that switches fuel preference
towards glucose during fasting [1] and impairs the capacity to switch between fat
and glucose as the primary fuel source after a meal [1] and during stimulated
conditions such as beta-adrenergic stimulation or exercise [2, 3]. Such impaired
capacity to switch between fuel utilization is defined as metabolic inflexibility.

As suggested by physical training and/or specific diet interventions,
metabolic inflexibility may be favored by lifestyle factors such as sedentary
behaviors and high fat, energy-dense diet [1]. During the shift to isoenergetic high-
fat diet, Smith er al. [4] showed that the ability of lean men to adapt fat oxidation
was related to physical fitness and fasting insulin concentration. Combined with
weight loss, exercise training improves insulin sensitivity [5], fasting fat oxidation
and increases mitochondrial content [6]. Training without weight loss [7] increases
the activity of muscle oxidative enzymes and fat oxidation. Although the evidence
that exercise per se affects insulin sensitivity independently of body mass loss is not
straightforward [8], the observation that chronic exercise improves the capacity of
skeletal muscle to utilize fatty acids as fuel during exercise and in some cases also
improves fasting fat oxidation, indirectly suggests that metabolic flexibility might be
improved with regular exercise [1]. Nevertheless, as highlighted recently [9], the
effect of physical activity level on metabolic flexibility has yet to be clarified. The
objective of this study was to investigate 1) whether metabolic flexibility varies in
groups of subjects with different habitual physical activity patterns and 2) whether
physical activity training/detraining interventions can modulate metabolic
flexibility.

The assessment of metabolic flexibility is however not clearly established.
Because numerous definitions of metabolic flexibility can be found in the literature,
there is no standard method to apply. A common agreement is that it can be
determined during challenging situations. Most of the previous studies used the
method of the euglycemic-hyperinsulinemic clamp, because it allows to perform
measurements in a controlled environment [10]. However, such pharmacological
invasive condition do not reflect the dynamic of physiological responses to meal and
metabolic flexibility during the clamp is mostly the consequence of variability in
glucose disposal rate [10]. Other approaches have been used to assess metabolic
flexibility such as changes between fasting and postprandial respiratory quotient
(RQ) [11] and the area under the curve of RQ following meal ingestion [12].
However, fasting RQ has been shown to be a weak indicator of lipid oxidation
capacity, since it is greatly influenced by the energy balance and dietary
macronutrient composition of the meals consumed on the previous days [10].
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To investigate how physical activity modulates metabolic flexibility, we
considered an approach based on the dynamic nature of daily postprandial metabolic
responses to standardized meals rather than on RQ changes in response to
supraphysiological doses of insulin during a clamp, or in response to high
fat/carbohydrate meal or diet. Based on the above definition of metabolic flexibility,
we used two indexes that account for the daily post-prandial relationship between
RQ and insulin. The first index was established from the overall intra-individual
variances in the insulin and non-protein respiratory quotient (NPRQ) responses to
standard meals. A sedentary metabolically inflexible subject was hypothesized to be
characterized by a large daily variance in insulin for a small variance in NPRQ i.e. a
small shift in the fuel mix being oxidized at a high insulin signal. The direct
corollary is that improvement in metabolic flexibility by exercise training will
increase the daily variance in NPRQ and decrease the daily variance in insulin. The
second index we used was based on the slope of the linearized percentile/percentile
relationship between the postprandial NPRQ and insulin distributions at the group-
level. This slope was hypothesized to reflect the sensibility of the metabolic
flexibility.

We took advantages of two of our studies investigating the effects of very
contrasted interventions on physical activities (training, detraining, bed resting) on
dietary fat metabolism, in subjects already segregated at baseline based on their
habitual physical activity levels (trained, untrained) and body mass (normally
weight and overweight). Between-study comparison was made possible because the
clinical investigations of dietary fat metabolism were strictly identical in two
protocols. In this report, we therefore investigated metabolic flexibility along a wide
range of habitual physical activity levels, and determined whether metabolic
flexibility can be modulated by contrasted changes in the exercise level.

3. METHODS

We combined data from the LIPOX (Strasbourg Lipid Oxidation study) and
WISE2005 (Women International Space Simulation for Exploration) studies that
aimed to determine the effect of chronic physical activity interventions (training
and detraining) on dietary lipid oxidation and trafficking in lean and overweight,
sedentary or physically active individuals. Here, we only focused on the methods
and data necessary to assess the relationship between physical activity and metabolic
flexibility. These include the measure of physical activity levels (PAL), activity
energy expenditure (AEE), and descriptions of the training/detraining interventions.

3.1. The LIPOX study

The LIPOX study was conducted on 10 sedentary and 9 physically active
lean male subjects (20< BMI <25 kg/m?) and on 12 sedentary overweight subjects
(27< BMI <35 kg/m? Table 1). Volunteers were free of any chronic known diseases
and were weight stable (+3kg body weight) for at least 3months before enrolment.
Lean subjects had no first-degree family history of obesity or type 2 diabetes while
overweight subjects had at least one overweight or diabetic parent. Sedentary and
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physically active statuses at inclusion were determined by the MOSPA-Q
questionnaire and a RT3 triaxial accelerometer (Stayhealthy, Monrovia, CA, USA)
wore for 7 days in free-living conditions. RT3 was used to obtain an estimation of
subjects’ PALs defined as the ratio between total energy expenditure (TEE) and
resting metabolic rate (RMR). Since accelerometers tend to underestimate the PAL,
a RT3-estimated-PAL <1.5 was set to screen sedentary individuals, >1.7 to screen
active ones. Additional criteria were the absence of participation to any structured
exercise programs over the 12months prior to the study for sedentary subjects and
the involvement in at least one regular sportive activity for active subjects.

Physical inactivity was induced in physically active individuals during one
month by stopping all structured physical activities and reducing spontaneous
activities of daily living. Training was performed in sedentary lean and overweight
subjects, at the level of current recommendations [13] for two months i.e. four 60-
min sessions per week at 50%VOzpeak on a cycle ergometer. VOzpeak was determined
by means of an incremental exercise test to exhaustion performed in an upright
position on an electronically braked cycle ergometer (Medifit 1000S, Belgium).
Throughout the study, research dieticians followed the participants and the diet was
regularly adjusted to maintain subjects in stable energy balance. Informed, written
consent was obtained from each subject. The study was approved by the
Institutional Review Board of Alsace I (France). The main outcomes of the LIPOX
study have not been published yet.

3.2. The WISE2005 study

Sixteen healthy women (18< BMI <25 kg/m?) participated in a 2-month bed
rest (Table 1). Subjects engaged in at least 30minutes of moderate activity per day (as
structured exercise or as daily-life activities), but did not engage in regular high
volume physical activities. The aim was to recruit normally active subjects with a
PAL around 1.75.

During the bed rest period, the volunteers were randomly divided into two
groups (n=8, each), one severely detrained group that strictly remained in bed and
one exercise group subjected to a high volume combined resistive and aerobic
exercise training protocol (35 min sessions every third day) on an inertial flywheel
ergometer allowing subjects to perform maximal concentric and eccentric actions in
the supine squat and calf press and 40 min aerobic supine sessions three to four
times per week, using a specially design vertical treadmill sequentially graded
between 40 and 80%VO2 peak. WISE2005 design, methods and main outcomes have
been recently published [14].
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Table 1. Characteristics of the participants at baseline and after interventions on physical activity

WISE normally active lean LIPOX high active lean LIPOX sedentary lean LIPOX sedentary overweight
women Men men men
After Imonth  After Imonth of After After 2months After
1month of of 2months of
Baseline of bed rest Bed rest+exercise Baseline detraining Baseline  exercise Baseline exercise
training training
n 16 8 8 9 9 10 10 12 12
Age (years) 33.5+0.9 23.6:1.1 27.2+£2.9 29.4+1.5
Body mass (kg) 57.0+1.3 52.6+1.4* 55.5+2.1* 71.7+2.92 71.4+3.2 76.7+3.12 76.1+£2.9 97.8+2.8° 97.7+2.9
BMI (kg/m?) 21.5+0.3 19.8+0.4* 20.3+0.6 22.2+0.6* 22.1+0.7 22.9+0.72 22.7+0.6 30.1+0.5° 30.0+0.5
Fat mass
kg 14.7+0.8 14.3+1.3 13.0+1.3 10.5+1.22 11.4£15 17.9+£1.90 17.0+1.7 31.2+1.5¢ 30.5+1.5
% 25.7+1.3 27.0+1.9 23.2+2.1" 14.5+1.4 15.8+1.8" 22.9+1.8 21.9+1.7 31.8+1.0¢ 31.1+1.0
Fat free mass, kg 42.3+1.2 36.1£1.0° 40.3+1.9* 61.2+2.5® 60.0+2.7* 58.8+1.9 59.2+1.9 66.6+1.8° 67.2+2.0"
PAL 1.82+0.07 1.37+0.06* 1.64+0.07 2.23+0.06* 2.09+0.06* 1.6+0.06° 1.83+0.08* 1.87+0.07 1.85+0.05
VO 2peak
/min 2.0£0.1 1.5+0.1* 1.8+0.1* 3.620.2 3.320.2* 3.0£0.2 3.4+0.2* 3.0£0.2 3.2+0.2
ml.kg!.min™! 34.8+1.5 28.3+1.9* 32.8+1.2 50.2+2.08 46.4+1.3" 39.7+1.8° 44.9+1.8" 31.0+1.3¢ 32.8+1.4

LIPOX, Lipid Oxidation study; BMI, body mass index; PAL, Physical activity level; VO2peak, peak oxygen consumption. * p < 0.05 vs. baseline (paired t-test). 2,°,c p < 0.05
PLSD Fisher’s post hoc comparison following one way ANOVA within LIPOX groups prior to physical activity interventions.
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3.3. Energetic and metabolic assessments

Before and after the interventions (one month of bed rest for the WISE study, one
month of detraining and two months of training for the LIPOX study), the
participants underwent a series of identical clinical tests.

TEE was measured using the doubly labeled water (DLW) method as
routinely used in our laboratories and described elsewhere [15]. PAL was calculated
as the ratio of TEE over RMR measured for one hour using indirect calorimetry
(Deltatrac II; GE). AEE was calculated as 90% of TEE minus RMR. Body
composition was assessed by hydrometry from the DLW-derived total body water.

NPRQ was calculated by using the expired CO: and the consumed O:
measured hourly by indirect calorimetry and the nitrogen excretion. Thirty-six
hours before the tests, all subjects were asked to stop any structured physical
activities and were provided with microwaveable equilibrated meals calculated to
match requirements. On the test day, subjects were provided with a standard
breakfast covering 35% of the daily energy requirements (55% carbohydrate, 13%
protein, 32% lipid). After 4 hours, subjects received a lunch covering 18% of daily
requirements (72% carbohydrate, 18% protein, 11% lipid). Blood samples were
collected hourly to measure plasma insulin, glucose and NEFA as previously
described [14]. Here are reported the results of NPRQ, insulin, glucose and NEFA
over the postprandial period during which data were collected (8hr and 10hr for
LIPOX and WISE2005 studies, respectively).

3.4. Indexes of metabolic flexibility

We calculated indexes of daily metabolic flexibility derived from the intra-
individual variances in insulin and NPRQ in response to two consecutive meals, as
hourly measured over the LIPOX and WISE2005 studies. With such calculations any
potentially confounding fasting contributions [10] is minimized for their weight
becomes similar to that of any other data point collected over the day. The variance-
derived indexes assumed a metabolically flexible state when the variance in insulin
is low and the variance in NPRQ is high; and a metabolically inflexible state when
the opposite is observed.

We also calculated a complementary index of metabolic flexibility derived
for each group being studied rather than individually estimated. In this approach,
more specifically used to study the effect of training/detraining, we used the overall
data from the 8-10hr tests from each group (on average 3660 data point per group)
and calculated the 1%, 5%, 10%, inferior quartile, median, superior quartile, 90, 95,
and 99" percentiles for both insulin and NPRQ. The NPRQ and insulin percentiles
were linearized by logarithm transformation and percentile/percentile plots were
constructed for each group. We assumed that the slope of the relationship between
NPRQ and insulin percentiles gives us a quantitative insight of the effect of the
physical activity intervention on metabolic flexibility. Thus, an increase in the slope
reflects a higher shift in NPRQ associated with a lower insulin concentration, which
is representative of an improvement in metabolic flexibility.
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3.5.  Statistical analyses

All data are represented as mean + SEM, and the level of significance was set
as p < 0.05. All statistics were performed using SAS Enterprise Guide3.0. (SAS
Institute Inc., Cary, NC, USA). Baseline data (including classical indexes of
metabolic flexibility and indexes we used in the present study) among physical
activity groups were compared by using a one-way ANCOVA. For this ANCOVA,
the two groups of women (bed rest and bed rest plus exercise) were pooled since, by
design, they were homogenous at baseline. Gender was added as a covariable.

The changes in the wvariance indexes due to training/detraining

interventions were first tested in each group by a paired t-test. To more precisely
investigate whether the changes in metabolic flexibility, as assessed by our indexes,
is related to the changes in physical activity, we then pooled data from all groups
and tested for a relationship between the changes in insulin and NPRQ variances
and the changes in AEE normalized per kg of body mass by simple regressions. We
also investigated the relationship between the variances in insulin and NPRQ with
the habitual physical activity pattern as assessed by the measured PAL. To test this
relationship, we used a mixed ANCOVA model with the individuals as aleatory
variables and group as main effect that account for the repeated measures (pre vs
post training/detraining). PAL was used as the covariable. The degree of association
between variances indexes and PAL was assessed by the p value associated to the
covariable in the model. Lastly, as metabolic flexibility is often represented in the
literature through an inverse relationship between the changes in NPRQ and the
changes in insulin during a hyperinsulinemic clamp, we represented the average
variance of insulin for each group versus their respective average variances in NPRQ
and tested for potential relationships by a similar mixed repeated-measures
ANCOVA model with NPRQ as the covariable.
The overall changes of the insulin percentile/NPRQ percentile plots were tested by
comparing slopes by using an analysis of covariance with group as main effect and
insulin percentiles as covariable. The slope homogeneity was assessed by the group-
by-insulin percentiles interaction.

4. RESULTS

4.1. Anthropometric and biologic data

Overweight sedentary subjects presented the highest fat mass, followed by
the sedentary lean subjects and active lean men and women (Table 1). No difference
was found in fat free mass between sedentary lean and active lean subjects. LIPOX
lean and overweight subjects maintained a stable body weight throughout the
intervention, while in WISE2005, subjects significantly lost body mass due to a
decrease in fat mass in the exercise group but to a decrease in fat free mass in the
control group, as expected in this model of physical inactivity (Table 1). Figure 1
depicts the kinetics of NPRQ, NEFA, insulin and glucose concentrations during the
test days, before and after intervention.
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4.2. Effect of habitual baseline physical activity on indexes of
metabolic flexibility

The kinetics of plasma NEFA, insulin, glucose and NPRQ in response to the
experimental conditions are indicated in Figure 1. Of note is the flat response of
NPRQ during the postprandial period in the overweight group suggesting metabolic
inflexibility.

The postprandial NPRQ and insulin variance indexes significantly differed
according to the habitual baseline physical activity groups (effects of physical
activity level: p=0.047 and p=0.004, respectively; Figure 2).

4.3. Effect of physical activity/inactivity interventions on metabolic
flexibility

Detraining had opposed effects in postprandial NPRQ and insulin variances,
with a 2-fold decrease in NPRQ variance (p<0.001) and a concomitantly 2-fold
increase in insulin variance (p<0.01, Figure 2). Although an improvement was
found, the effect of training performed at current recommendation levels on both
postprandial NPRQ and insulin variances failed to reach statistical significance in
lean and overweight sedentary subjects (p=NS for both groups). In normally active
women, the combined resistive and aerobic exercise training maintained
postprandial variance of insulin at its basal value but did not counteract the bed rest-
induced decrease in NPRQ variance, which was reduced by 1.5 fold (p=0.052, Figure
2). PAL appeared a significant determinant of NPRQ variance (covariation p=0.007,
Figure 3). No such relationship was observed between insulin variance and PAL. All
groups combined, we found that the changes in AEE normalized by body mass
explained 10% of the changes in postprandial NPRQ variance (r?=0.10; p=0.04)
(supplemental data Figure 1).

To further address how metabolic flexibility is affected by interventions on
physical activity, we determined the relationship between the postprandial
variances in insulin and NPRQ along the PAL continuum accessible in our groups of
subjects. The concept was to represent our results similarly to the classical
representation used in studies investigating metabolic flexibility by using a
hyperinsulinemic euglycemic clamp. As illustrated in Figure 4, training/detraining
interventions in lean subjects are linearly associated with changes in metabolic
flexibility (covariation p=0.046). Overweight sedentary subjects showed a parallel
slope of response but with an offset in the relationship at higher insulin
concentrations.

Looking at the effects of physical activity interventions on metabolic
flexibility through percentiles/percentiles relationship gave similar results.
Detraining decreased the slope of the daily insulin/NPRQ percentile relationships
(trained men (p=0.002); normally active women (p<0.0001)), indicating an overall
negative effect of physical inactivity on metabolic flexibility (Figure 5). Resistive
and aerobic exercise performed concomitantly to bed rest efficiently prevented
physical inactivity-induced metabolic inflexibility (p=0.16). Although exercise
training performed at current recommendation levels failed to improve metabolic
flexibility in overweight subjects, it significantly increased the percentile/percentile
slope in sedentary men (p=0.04). However, the overall effect of this physical activity
intervention did not reach significance (p=0.06, Figure 5).
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Figure 1: Time course of NPRQ, insulin, glucose and NEFAs concentrations in LIPOX trained lean men submitted to one month of detraining (n=9), LIPOX sedentary
lean men submitted to two months of exercise training (n=10) and LIPOX sedentary overweight men submitted to two months of exercise training (n=12) and
WISE2005 normally active women (n=16) submitted to bed rest with (n=8) or without (n=8) exercise training. Time 0 corresponds to breakfast ingestion. Time 240
min and 300 min correspond to lunch ingestion in LIPOX and Wise2005 studies respectively.

133



Variance over 8-10 hrs

Variance over 8-10 hrs
post standard meals

NPRQ B Before intervention
0.0045

O After intervention

0.004

0.0035

Effect of PAL:
p=0.047

0.003
0.0025
0.002 1

0.0015
0.001
0.0005

INSULIN

800 Effect of PAL:
p=0.004 * ‘

post standard meals

Figure 2: Postprandial variance in NPRQ and insulin in LIPOX and WISE subjects. ANCOVA
main effects (habitual physical activity level prior interventions) are indicated in the figure. *
p<0.05 wvs. baseline (paired t-tests). NPRQ, non protein respiratory quotient; PAL, physical
activity level; BR, bed rest; Ex, exercise.
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5. DISCUSSION

In this study, we combined cross-sectional and interventional approaches to
investigate how habitual physical activity levels, as well as changes in this level,
modulate metabolic flexibility. As recently highlighted by Galgani er al [10] such
data are still surprisingly missing. The originality of this study was to use indexes of
metabolic flexibility reflecting the overall daily response to standards meals rather
than classical approaches which are based on NPRQ delta values between a fasting
and a stimulated state, e.g. responses to surpraphysiological doses of insulin during a
clamp or a high fat load [10, 12]. Such measures are likely to better reflect the
metabolic events of daily living and thus should theoretically better predict chronic
disease outcomes.

We showed that both a reduction in spontaneous and structured physical
activity and an extreme physical inactivity decreased the variance in postprandial
NPRQ and increased that of insulin. Both of these changes suggest a decreased
metabolic flexibility. This statement is based on our observations being consistent
with those from previous detraining and bed rest studies, which reported that a
reduction in physical activity induces an increased reliance on carbohydrate as an
energy substrate associated with a decrease in fat oxidation, an increase in plasma
insulin concentration or a decrease in insulin action regardless of the energy balance
conditions [16]. Even changes in spontaneous physical activity, as low as a decrease
from 6000 to 1500 in daily steps, significantly impairs insulin sensitivity in healthy
lean men [17].

On the other hand, exercise training performed at current recommendations [13]
provided mitigated results, as only trends were noted with both indexes. Although
an obvious positive effect was observed in lean men, it clearly failed to improve
metabolic flexibility in overweight subjects and as a consequence, the overall effect
of this exercise on metabolic flexibility did not reach statistical significance. In
contrast with our results, Smith er a/. in men [18] and Hansen at al. in women [19]
reported that an increase in PAL from 1.4 to 1.8 improved the capacity to adjust fat
oxidation after a shift to an eucaloric high-fat diet. The discrepancy with our results
may be explained by the fact that the volunteers in Smith’s study were active on the
day test and that the measurements of NPRQ in Hansen’s study were calculated over
24hrs including the last session of exercise whereas our volunteers had stopped
structured exercise 36 hours before the test. In support of that, it has been suggested
that exercise has only a short-term beneficial effect on lipid metabolism [20], as well
as on insulin sensitivity [21]. Moreover, the high fat eucaloric 4-days diet imposed in
both of these studies induced a shift in fat oxidation to eventually balance intake
with oxidation which contrasts with our 3-day controlled standard diet period [4].

We can also speculate that the intensity (50%VO:peak), the duration (1h),
the rate (4 times/week) of the sessions and/or the duration of our protocol were
insufficient to positively impact metabolic flexibility. The improvement in insulin
sensitivity after 7 days of exercise at 70% VO2peak, but not at 50% VOzpeak, in obese
subjects support such an hypothesis [22]. The fact that training following current
recommendation affects metabolic flexibility along with the linear relationship we
observed for habitual baseline physical activity levels supports the idea that a greater
modulation in the exercise parameters may promote a higher improvement in
metabolic flexibility.
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Figure 3: NPRQ variance is a direct function of PAL (interaction group x PAL variance p=0.0066)
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Figure 4: Metabolic flexibility is a function of the physical activity level. NPRQ and insulin
variances were related along the continuum of physical activity (group x NPRQ variances
p=0.046, n=35). Overweight sedentary subjects (n=12) showed the same slope of response but
with an offset in the relationship at higher insulin concentrations.
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The fact that the training performed at current recommendations only tend
to, but not significantly, improve metabolic flexibility in both lean and overweight
men may be simply due to the absence of associated body composition changes — as
required by the protocol. Indeed, several studies reported that exercise in absence of
body mass loss has a relatively modest effect [8] or no effect [23] on insulin
sensitivity. Only few studies [7, 24] showed that exercise, without weight loss,
increases insulin sensitivity in previously sedentary adults. In fact, we can argue that
only one study [24] reported so far a beneficial effect of exercise per se on the
response to insulin, since in the other study [7], body mass was effectively stable but
body composition was modified by exercise with a reduction in fat mass and an
increase in fat-free mass. Based on these evidence, we can assume that the combined
resistive and aerobic exercise training performed during the bed rest study had a
greater effect on metabolic flexibility than the exercise training at current
recommendation not because of differences in the experimental conditions, they
were similar (i.e. 36hours after the last bout of exercise), but because of a significant
decrease in fat mass, indicating a negative energy balance. In support of that, the
existence of a significant correlation between insulin sensitivity and adiposity is well
established and several reports showed that combined exercise training and fat mass
loss improves insulin sensitivity [25] and fasting fat oxidation [6]. Altogether, these
results suggest that the prevention of metabolic inflexibility is related to the
combined effect of exercise and the loss of fat mass rather than to the effect of
exercise per se.

The effect of habitual physical activity on metabolic flexibility appears,
however, convincing. By looking at the metabolic flexibility in our different groups
as it is classically done, i.e. using the relationship between NPRQ and insulin
changes, our major finding is the observation that habitual physical activity predicts
metabolic flexibility in lean subjects independent of any overlapping effect of recent
exercise and energy balance. Thus, active, lean individuals have a greater ability to
switch from free fatty acid to glucose as the primary fuel between the fasting and
the fed states than their inactive counterparts. Such relationship suggests that an
increase in physical activity on chronic basis should be associated with an
improvement of metabolic flexibility whereas a reduction in physical activity level
should decrease it and that this is more effective in lean individuals. If enforced
physical inactivity effectively impairs metabolic flexibility in lean active subjects,
the effects of exercise training without weight loss on metabolic flexibility was not
straightforward in sedentary individuals. The observation, however, that training
affected metabolic flexibility along the overall same linear relationship than
detraining suggests that the training duration and intensity used in the present
study, i.e. on the basis of the current recommendations developed originally for
cardiovascular risks, were not enough to significantly affect metabolic flexibility.
Finally, the lack of effect of this exercise training on overweight insulin resistant
subjects might simply reflect the fact that exercise training failed in this group to
increase TEE.
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One limit of the present study is the lack of standard measurement of
insulin sensitivity through an euglycemic hyperinsulinemic clamp or an oral glucose
tolerance test. We think however, that our conditions using standards meals mimic
free-living conditions. However, to confirm our results in a controlled insulin
stimulated condition, we reanalyzed data from a 7-day bed-rest study [26]
conducted in 8 healthy men and 8 healthy women using an oral glucose tolerance
test. We found a significant reduction in the slope of percentiles of NPRQ and
insulin in both groups and lower variances of NPRQ were noted concomitantly to
higher variances insulin, supporting our above observations (Figure 6).

In conclusion, by using two indexes that account for by the daily kinetics
NPRQ and insulin responses to meal ingestion we showed that the habitual physical
activity level predicts metabolic flexibility.
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Résumé

Introduction

L’oxydation des lipides est classiquement mesurée par les isotopes stables
dans les études nutritionnelles. Le taux dexcrétion du *CO: a la suite d’une
perfusion ou d’une ingestion d’acides gras marqués en *C permet de déterminer la
quantité de traceurs oxydés. Toutefois, une partie de ce 3C est séquestrée dans
Porganisme dans le pool des bicarbonates et au niveau du cycle tricarboxylique, ce
qui induit une sous-estimation des taux d’oxydation des lipides. Comme I'acétate est
converti en acétyl-CoA et entre directement dans le cycle tricarboxylique, un
facteur acétate est généralement utilisé pour corriger la séquestration de l'isotope
marqué. En conditions de perfusion, il a été montré que ce facteur, bien que
reproductible, présentait une importante variation interindividuelle. Il faut donc le
déterminer pour chaque sujet par des expériences en double avec des conditions
similaires a quelques jours d’intervalle, afin de déterminer I'oxydation lipidique et le
facteur de correction acétate pour chaque sujet, vu que l'usage des isotopes
radioactifs est limité.

En revanche, en conditions d’ingestion, il a été montré qu'un facteur de
correction acétate exogene égal a 50,6 = 5,4% peut étre appliqué et ne modifie pas la
moyenne et la variabilité des valeurs d’oxydation exogéne aussi bien au repos
qu’aprés modifications de l'activité physique chez les sujets normopondérés. Ceci
permet de s’affranchir du protocole pour déterminer le facteur acétate de maniere
individuelle et représente un compromis scientifique acceptable entre le cofit des
expériences, la lourdeur des protocoles et I'exactitude de la mesure ou les tests
durent généralement une dizaine d’heures apres I'ingestion des traceurs du fait des
processus de digestion et d’acheminement des lipides. Cependant, I’application de ce
facteur chez des sujets insulino-resistants en surpoids n’a pas encore été vérifiée.

Objectifs

En combinant les données provenant de 5 études distinctes (n=70 sujets
normopondérés et n=11 sujets insulino-résistants en surpoids) sur 'oxydation des
acides gras exogenes, nous nous proposons dans cette étude de :

- Déterminer si le facteur de correction acétate exogene differe entre les
sujets normopondérés et les sujets insulino-résistants et, le cas échéant, d'enquéter
sur les facteurs qui pourraient expliquer cette différence.

- Déterminer si le facteur de correction acétate exogéne appliqué chez les
sujets normopondérés peut étre appliqué chez des sujets insulino-résistants en

surpoids afin de corriger 'oxydation des acides gras alimentaires.

- Déterminer l'effet d’'une augmentation de I’activité physique sur le facteur
de correction acétate exogéne chez les sujets insulino-résistants en surpoids.
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Matériel et Méthodes

Le facteur de correction [1-!3C] acétate exogene et les récupérations d'acides
gras marqués en [1-13C] ont été évaluées avant et apres les interventions sur l'activité
physique entrainement/désentrainement chez des sujets normopondérés et en
surpoids. Les sujets en surpoids ont été entrainés a un rythme de 4 séances d’exercice
physique a 50% VO:2max par semaine durant deux mois.

Résultats

Le facteur de correction [1-13C] acétate exogéne chez les sujets insulino-
résistants en surpoids est inférieur a celui des sujets normopondérés (45.3 + 1,5%
contre 50,6 + 0,6%; P = 0,002) avec une différence de 5,2% de la dose de
récupération qui représente 11,6% du facteur de correction [1-13C] acétate exogeéne
chez les sujets insulino-résistants en surpoids. Les interventions sur le niveau
d’activité physique n’affectent pas ce facteur de correction, malgré une
augmentation du coefficient de variabilité interindividuelle de 17,0% qui est 1,4 fois
plus élevée que ce qu'on a observé avant l'intervention physique. Nous avons pu
mettre en évidence que le facteur de correction [1-13C] acétate exogeéne est corrélé
au pourcentage de masse grasse (r* = 0.10; P = 0.005) et l'insulinémie a jeun
représentée par le ratio insuline sur glucose (r2 = 0.08; P = 0.02). Le fait d’appliquer le
facteur de correction [1-13C] acétate exogeéne des sujets normopondérés induit un
taux d’erreur moyen de 11,5% (P = 0,006) de 1'oxydation des acides gras des sujets
en surpoids.

Discussion

Cette étude montre que les sujets insulino-résistants en surpoids présentent
un facteur de correction acétate moyen inférieur a celui des sujets normopondérés.
La réduction de ce facteur chez les sujets en surpoids est probablement due a un
accroissement des voies métaboliques ou le carbone marqué peut étre perdu en
raison soit d’une plus grande dispersion dans le pool de bicarbonate ou perdu par un
plus grand transfert isotopique a travers les réactions d'échange isotopique dans le
cycle tricarboxylique ou cycle de Krebs. Nous proposons aussi, que cette réduction
est probablement due en partie a une réduction du flux du cycle tricarboxylique, le
point final et commun du catabolisme des glucides, lipides et les acides aminés. Un
facteur de correction acétate moyen obtenu pour les sujets normopondérés ne peut
pas étre appliqué chez des sujets avec un exces de poids pour calculer 1'oxydation
des graisses alimentaires. Avant que d'autres études soient menées sur une grande
échelle de degré d'obésité et d'insulino-résistance, nous recommandons de mesurer
un facteur de correction acétate individuel chez les sujets présentant des troubles
métaboliques.
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Background&aims: An acetate recovery factor (ARF) is utilized to correct tracer-derived fat oxidation
when 3C is used. We showed that when '3C labelled fatty acid are given orally, dietary fat oxidation can
be accurately corrected by using an averaged dietary ARF (dARF) derived from 56 lean healthy subjects,
instead of individual dARF. The extent to which this factor is valid in overweight insulin resistant subjects
is unknown.

Methods: [1-C]dARF and [1-3C]fatty acid recoveries were assessed before and after physical activity/
inactivity interventions in overweight insulin-resistant (n = 11) and lean subjects (n = 70) in five studies
herein compiled.

Results: Overweight dARF was lower compared to lean subjects (45.3 4+ 1.5% vs. 50.6 &+ 0.6%; P = 0.002).
Physical activity intervention did not impact dARF. dARF correlated negatively with %body fat (r* = 0.10;
P = 0.005) and fasting insulin to glucose ratio (* = 0.08; P = 0.02). Applying the lean average [1-'3C]
dARF induced an 11.5% (P = 0.006) average error in fatty acid oxidation rate.

Conclusions: Overweight insulin resistant subjects have lower dARF than lean individuals. An average
dARF derived from lean subjects cannot be applied in overweight subjects to calculate dietary fat

Keywords:

Exogenous fatty acid oxidation
Stable isotopes

Mass spectrometry

oxidation. We recommend that individual dARF are measured in subjects with metabolic disorders.
© 2010 European Society for Clinical Nutrition and Metabolism. Published by Elsevier Ltd. All rights

reserved.

1. Introduction

The acetate recovery factor (ARF) was proposed to correct
tracer-derived ('3C)-fat oxidation for the loss of label to seques-
tration within the bicarbonate pool and small metabolites that
exchange with the tricarboxylic acid cycle intermediates (TCA
cycle).!=® This correction can be cumbersome and costly as it
requires two separate tests performed under identical conditions:
one test with labelled acetate and another test with labelled fatty
acid,? unless radio-labelled acetate can be used along with the

Abbreviations: dARF, dietary acetate recovery factor; iARF, infused acetate
recovery factor; RMR, resting metabolic rate; NPRQ, fasting non-protein respiratory
quotient; FM, fat mass; LIPOX, lipid oxidation study.

* Corresponding author. Tel.: +33 3 88 10 69 42; fax: +33 3 88 10 69 06.

E-mail address: stephane.blanc@c-strasbourg.fr (S. Blanc).

! Edwina Antoun and Iman Momken contributed equally to this paper.
2 stéphane Blanc and Chantal Simon contributed equally to this paper.

stable isotope labelled fatty acid. Given these concerns, there has
been interest in the use of a constant ARF under different study
conditions and for subjects with different metabolic conditions.
After compiling data on 69 subjects, Schrauwen et al.# found
that the infused ARF (iARF) is not constant between subjects. At
rest, 37% of the variance of (iARF) was accounted for by resting
metabolic rate (RMR) adjusted for fat free mass (FFM), percentage
body fat and fasting non-protein respiratory quotient (NPRQ). This
increased to 69% during exercise. Although iARF was reproducible
within individuals, the authors concluded that it should be
measured in every subject because of the between individual
variance. Under oral administration conditions, the dietary acetate
recovery factor (dARF) measured in lean subjects presented similar
inter-individual CV (10.6%)° as was reported for iARF (12.0%)4
however, no major anthropological or physiological determinants
for dARF were observed. This difference between infused and oral
ARF may be due to a buffering effect of the digestion processes and/
or a longer post-dose measurement period, both reducing inter-

1751-4991/$36.00 © 2010 European Society for Clinical Nutrition and Metabolism. Published by Elsevier Ltd. All rights reserved.
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individual differences. These conclusions were not affected by
chronic interventions on physical activity. We further showed that
using individual dARF, or an average dARF of 51% derived from 56
healthy lean men and women, did not affect the variability of the
derived dietary fatty acid oxidation rates. Contrary to the iARF,
individually measured dARF values, therefore, did not seem
required Bergouignan et al.>

Metabolic disorders appeared to further affect ARF. In fasting
conditions and after controlled diet 3 days prior the tests, Schrau-
wen et al.* showed that after 1 h of cycling exercise at 40—50% of
maximal oxygen uptake, iARF was lower in obese diabetic (59.2 +
2.1%) and obese (69.9 + 1.7%) subjects than in lean (78.5 + 2.1%)
subjects. Conversely no difference was noted at rest.# These find-
ings were interpreted, in a recent re-evaluating study by Schrau-
wen et al.% as a reduction in TCA cycle flux, reflecting mitochondrial
dysfunction in obese type 2 diabetes mellitus patients. This
emphasizes that special attention should be placed on iARF when
measuring plasma-fatty acid oxidation. So far, whether or not dARF
differs between lean and overweight insulin resistant subjects, has
not been investigated yet.

In the present study we combined data from five of our studies and
included data from 11 overweight insulin resistant and 70 lean
subjects to determine 1) whether dARF differed between lean and
overweight individuals and, if any, to investigate the factors that
might explain such difference 2) whether an average dARF can be
applied to correct dietary fatty acid oxidation in overweight subjects,
and 3) the effect of two months of exercise training at 50%V02max on
dARF realized by overweight subjects four times per week.

2. Materials and methods
2.1. Study design

We compiled dARF data from five studies performed in our
laboratories: Votruba et al.,” Votruba et al.,® which were performed
at the University of Wisconsin-Madison (US) and Bergouignan
et al.,” Bergouignan et al.'” and the Strasbourg Lipid Oxidation
study (LIPOX) which was performed in France. Votruba et al.” was
a study designed to validate deuterium-labelled fatty acids for the
measurement of dietary fat oxidation in five lean women and two
lean men at rest. The second Votruba et al.® study investigated the
effect of prior acute exercise (85% of VO peak) on dietary fat utili-
zation from seven lean women. Bergouignan et al.° and Bergoui-
gnan et al.'® were longitudinal studies aimed at determining the
effect of chronic physical inactivity interventions (2 and 3 months
of bed rest, respectively), with and without physical exercise
countermeasures, on dietary lipid oxidation. Details on the exercise
countermeasures can be found elsewhere.>!° The LIPOX study was
completed in 2009. It investigated the effect of exercise training in
sedentary lean and overweight men and the effect of detraining in
lean active men on dietary lipid partitioning and took place at the
University Hospital of Strasbourg (France). The inclusion criterions
in LIPOX study was a body mass index (BMI) of 27 < BMI < 35 kg/
m? and a BMI of 20 < BMI < 25 kg/m? for overweight and lean
subjects respectively and the habitual physical activity assessed
from their physical activity level (PAL) defined as the ratio of total
energy expenditure to resting metabolic rate (RMR).I! Exercise
training for lean and overweight men was conducted in sedentary
subjects with an estimated PAL < 1.5. Detraining was performed on
trained subjects with a estimated PAL > 1.7.12 Usual PAL was
assessed using MOSPA-Q questionnaire, whose validity and reli-
ability has been reported elsewhere.'> Physical activity was further
confirmed by a triaxial accelerometer device'® (RT3, Stayhealthy,
Monrovia, CA, USA) and a combined heart rate and motion sensor '
(Actiheart, Cambridge Neurotechnology Ltd). Detraining consisted

of 1 mo of voluntary reduction in structured and spontaneous
physical activities. Aerobic training consisted of four 60-min
sessions per week at 50% VO3 peak. The peak oxygen uptake VO3 peak
was determined by means of incremental exercise test'® to
exhaustion performed in an upright position on an electronically
braked cycle ergometer (Medifit 1000S, Belgium). LIPOX was
approved by the Institutional Review Board of Alsace I (France). For
all but the validation studies, dietary acetate and lipids recoveries
were measured before and after the intervention on physical
activities.

2.2. Subjects

Data from 70 lean participants (28 women and 42 men) and 11
overweight men were compiled. Of these, 68 subjects were studied
before and after physical activity interventions. From these five
studies, we collected the following parameters: body weight and
composition, height, RMR, VO3 pear, and NPRQ. Fasting insulin and
glucose were also measured in all but the Votruba’s et al. studies.”®
The initial subject characteristics are shown in Table 1. Some data
are missing because of differences in the protocols objectives.

2.3. Acetate recovery factor and dietary fatty acid oxidation
protocols

dARF and the dietary fatty acid oxidation were measured in
similar experimental protocols (Table 2) in all studies included here
and have been described in details elsewhere.”~° Thirty-six hours
before the test, all subjects were asked not to participate in any
structured physical activities and were provided with standardized
microwaveable meals at breakfast, lunch, and dinner. After an
overnight fast, the subjects were weighed, and baseline breath and
urine samples were collected. RMR, NPRQ and VCO, were
measured for 1 h by indirect calorimetry using a Deltatrac meta-
bolic cart (Deltatrac II; GE) (LIPOX and Bergouignan et al.>1°
studies) or a room calorimeter (respiratory chamber of the
University of Wisconsin-General Clinical Research Center) (Votruba
et al. studies”®) and then hourly throughout the test. Afterwards,
a standard breakfast was provided to the participants, which
included a homogenized liquid meal labelled with one of the
following: 2 mg/kg (lean subjects) or 3 mg/kg (overweight subjects)
[1-3Clacetate [>99% enriched; Cambridge Isotope Laboratories
(CIL), Andover, MA], 10 mg/kg or 15 mg/kg (LIPOX study) [1-13C]
oleate (>99% enriched; CIL), or 10 mg/kg [1-'>C]palmitate (>98%
enriched; CIL), depending on the test day and the study. Breath
samples were collected before the meal, every 30 min for the first 2
h, and then hourly for 7—10 h after the meal according to the study.
Tests were performed in exact similar experimental conditions in
the lean and overweight individuals.

2.4. Body composition

Body composition was assessed by the HX0 isotope dilution
method, as routinely used in our laboratories, in the Votruba et al.,’
Votruba et al. and LIPOX study and by dual energy X-ray absorp-
tiometry (DXA, QDR 4500 W scanner using the version software
11.2, Hologic France) for the Bergouignan et al.? and Bergouignan
etal.l® bed rests. During the bed rests, we observed good agreement
between isotope dilution and DXA. FFM measured by %H and '80
dilutions indeed agreed within 2.5 + 2.6% with FFM measured by
DXA (y = 1.025x, R> = 0.95, p < 0.0001 with a non significant
intercept of —0.3 kg removed from the equation).
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Table 1
Characteristics of the participants of each study.

Votruba Votruba et al.,” Bergouignan  Bergouignan  LIPOX LIPOX overweight All Studies lean subjects

etal,? et al® et al.!” lean subjects  subjects

F F M M F M M F M
n 7 5 2 15 16 25 11 28 42
Age, yr 23+3 25+3 30+7 32+4 34+4 26 +7 30+ 6 29+6 29+7
BMI 214+ 1.7 226+09 261+01 234+16 215+13 225+ 1.7 30.1 £ 1.7 217+ 14 230+ 1.8
Body mass, kg 61.1 £55 592 +42 851+64 71.0+59 57.0 £ 5.4 73.1 £85 99.0 £ 9.2 58.4 + 5.4 73.0 + 8.0
Fat mass
kg 109 £+ 3.0 124429 194+29 124+36 14.7 £33 149 +£ 5.6 313 £55 133 £ 35 142 £ 5.0
% 179 +£ 49 213+62 228+16 173+4.1 25.7 £5.1 19.8 £ 6.1 31.5+£36 229 £6.1 19.0 £ 54
Fat free mass, kg 502 + 5.7 468 +7 656+36 586442 423 +4.7 59.0 + 6.4 67.6 +£ 5.5 451 +£ 6.2 59.2 + 5.7
RMR, M]/d 6.6 + 0.5 584+ 05 79+0.1 6.4+ 04 6.0 + 0.5 6.5+ 0.5 7.5+ 0.7 6.1 + 0.6 6.5+ 0.5
VOZ peak
I/min 23+02 30+03 20+04 33+06 3.1+06 21+04 32+05
ml kg~! min~! 375+23 425+ 45 348 £ 6.1 446 + 7.1 314 + 46 356 +£5.3 43.8 + 6.2
NPRQ 0.877 £ 0.018 0.879 &£ 0.057 0.747 + 0.037 0.868 +0.041 0.892 + 0.024 0.787 = 0.069 0.872 + 0.047
Fasting Insulin mU/1 33+13 45+ 1.3 44+ 1.8 105 + 3.8 45+ 1.3 39+16
Fasting Insulin/glucose 39+ 14 53+16 52+ 2.1 11.7 £ 4.7 53+16 46 +1.9
13C-dARF 518 +£7.3 516 +6.6 503+64 504=+6.1 49.9 £+ 2.5 50.6 + 5.2 453 £ 5 50.7 £ 4.7 50.5 +£54

Values are means + SD. LIPOX, Lipid Oxidation study; F, females; M, males; BMI, body mass index; RMR, resting metabolic rate; VO,peak, peak oxygen consumption; NPRQ,

non-protein respiratory quotient.

2.5. Sample analysis

The details on the isotope ratio mass spectrometry analyses can
be found in previous studies from our laboratories.”® Briefly, the
ratio of 13CO, to '?CO, in breath from the Votruba et al.” and
Votruba et al.8 studies was measured and analyzed in triplicates on
a Delta-S isotope ratio mass spectrometer (Finnigan MAT, San Jose,
CA) using a continuous flow inlet system developed at the
Department of Nutritional Sciences at the University of Wisconsin-
Madison.!” For LIPOX and the two bed rest studies, a continuous
flow system connected to GV Instruments Isoprime was used. The
180 enrichments in urinary water were measured by CO, equili-
bration in quadruplicates in a continuous-flow isotope ratio mass
spectrometer consisting of the above-cited Finnigan MAT Delta-S
[Votruba et al.” and Votruba et al.3]. For the Bergouignan et al.l® and
LIPOX studies, H0 was reduced to CO by carbon reduction at 1400
°C in an elemental analyzer (Flash HT; ThermoFisher Germany)
coupled to a Delta-V isotope ratio mass spectrometer in Strasbourg,
and isotopic abundances were measured in quintuplicate. All
enrichments were expressed against International Atomic Energy
Agency standards.

2.6. Calculations

Recoveries of [1-'3CJacetate, [1-">Cloleic acid, or [1-'3C]palmitic
acid were calculated as the instantaneous recovery of >C in expired
CO; per hour, expressed as a percentage of the dose and as previ-
ously described.”~!° Cumulative recovery was calculated using the
trapezoid rule. Cumulated acetate recoveries were further

extrapolated to infinity.” " Corrected fatty acid oxidation rates
were calculated by dividing the cumulated fatty acid recovery by
the cumulated acetate recovery extrapolated to infinity times 100.

2.7. Data organization and statistical analysis

We first considered the results from the subjects in resting
conditions, i.e., the control (rest) tests from all the studies. A one
way ANOVA was used on the studies focusing on lean subjects to
test whether the dARF differs according to sex and study. Since no
differences in dARF were noted between studies (F = 0.18, P = 0.94)
and between sex (F = 0.02, P = 0.89), we combined data from all
lean subjects. During all the following analyses, two groups were
accordingly compared: lean subjects and LIPOX overweight
subjects. First, the kinetics of the instantaneous and cumulative
acetate percentage recoveries were analyzed by a MANOVA with
time as repeated measurement, subject as random effect and group
(overweight vs. lean) as main effect. The between subject CV was
calculated for each group. A t-test was used to test if dARF differed
between overweight and lean subjects and simple linear regression
analyses performed on all lean and overweight subjects were used
to test if physiological determinants explain the inter-individual
variability of dARF among subjects. We then investigated the
influence of different methods to calculate the dARF on final fatty
acid oxidation rates in the overweight group, as previously done in
lean subjects.’> The objective was to study the variability in esti-
mated dietary fat oxidation when individual, overweight subjects’
mean or lean subjects’ mean dARFs which was similar to that found
by Bergouignan et al.> were used. The corresponding corrected fatty

Table 2
Procedure description of the studies.
Fasting Rest during Nutrition Total Prior days conditions
duration procedure duration
Lipox Overnight fast Quietly in bed rest Labelled acetate in breakfast at time 0, 8h 3 Days of standarized meals with
position lunch at time 4- hour post-dose. no structured physical activity for 36 h
Bergouignan® Overnight fast Quietly in bed rest Labelled acetate in breakfast at time 0, 7h 3 Days of standarized meals with no
position lunch at time 5- hours post-dose. structured physical activity for 36 h
Bergouignan'® Overnight fast Quietly in bed rest Labelled acetate in breakfast at time 0, 10 h 3 Days of standarized meals with no
position lunch at time 5- hour post-dose. structured physical activity for 36 h
Votruba’ Overnight fast Quietly sitting Labelled acetate in breakfast at time 0, 8h 2 Days of standarized meals with no
upright lunch at time 4- hour post-dose. structured physical activity
Votruba® Overnight fast Quietly sitting Labelled acetate in breakfast at time 0, 10 h 2 days of standarized meals with no

upright

lunch at time 4- hour post-dose.

structured physical activity
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acid oxidation rates were identified as >C-FAoverwEiGHT, >C-FAo.
VERWEIGHTmean and >C-FA{ganmean respectively. The differences in
calculated oxidation rates were compared using repeated measures
ANOVA followed by the Bonferroni post hoc test.

In a third analysis, we determined the effect of physical activity
interventions on the dARF and on the estimated dietary lipid
oxidation rates. The analyses included subjects from Bergouignan
et al.? Bergouignan et al,'® LIPOX and Votruba et al® studies.
Dietary lipid percentage recoveries corrected by individual dARF
were not available for the Votruba et al® study after physical
activity intervention. The effect of the physical activity intervention
between groups was determined by a multiple analysis of variance
(MANOVA) with time as repeated measure (before vs. after inter-
vention), subject as random effects and group (overweight vs. lean)
as main effect and by paired t-test within the same group. Because
we did not observe an effect of the physical activity modifications
on the dARF (t = 0.40; P = 0.70) in overweight subjects, we
calculated the within-subject CV in the overweight group.

All data are represented as mean + SEM, and the level of
significance was set as P < 0.05. All statistics were performed using
SAS Enterprise Guide 3.0 (SAS Institute Inc., Cary, NC, USA).

3. Results

3.1. Lean vs overweight dARF at rest prior intervention on physical
activity

Fig. 1A depicts the instantaneous and cumulative acetate
percentage dose recoveries for the overweight and lean subjects.
We observed a significant difference in the kinetics of both
instantaneous (group: overweight vs. lean: F = 10.41, P = 0.001;
group x time interaction: F = 140, P = 0.185) and cumulative
(group: F=5.99, P = 0.014; group x time interaction: F = 3.97, P <
0.0001) acetate percentage recoveries between the overweight and
the lean groups.

For lean subjects, the average dARF extrapolated to infinite was
50.6 + 0.6% (n = 70) at rest, ranging between 39.5 and 63.8% with
a CV of 10.2%. In overweight subjects, the average dARF was 45.3 +
1.5% (n = 11), ranging between 36.7 and 50.2% with a CV of 11.0%.
dARF differed significantly between overweight and lean subjects
(F = 10.0, P = 0.002) with a difference of 5.2% dose recovery rep-
resenting 11.6% of the overweight mean dARF (Fig. 1B). Correlation
analyses showed that the variability of dARF was not explained by
age, BMI, NPRQ, FFM, RMR, RMR adjusted for FFM, VO3 peak nor VO,
peak normalized for body mass (Table 3). dARF correlated negatively
with the percentage of fat mass (Table 3). We also observed
a significant and negative correlation between dARF and both
fasting insulin and fasting insulin to glucose ratio (Table 3).

3.2. Effect of overweight individual, overweight mean or lean mean
dARF use on the dietary fat oxidation and its variability in the
overweight subjects (Fig. 2)

The mean dARF corrected dietary fatty acid oxidation was 38.2 +
1.4%, 37.7 + 1.8% and 33.8 + 1.6% dose recovery for >C-FAqvErwEIGHT,
13C‘FAOVERWEIGHTmean and BC—FA]_EANmean, respectively. The CV was
11.7% for the C-FAoverwricnt but 15.4% for both 3C-FAo.
VERWEIGHTmean and 13C—FA]_EANmean. Applying the lean subjects’ dARF
to correct >C-FA oxidation generated a significant 12% underesti-
mation of dietary fatty acid oxidation in overweight participants.
Post hoc tests indeed showed a significant difference between >C-
FAOVERWEIGHT VS. 13C'FALEANmean (—44 + 12%, t = —-42; P = OOO])
and 3C-FAovERWEIGHTmean VS > C-FALEANmean (—3.9 + 0.2%; t = —3.71;
P = 0.002). Although the variability in '>C-FA oxidation increased 1.3
fold when using the mean overweight dARF, no significant difference
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Fig. 1. Kinetics of instantaneous and cumulative (1A) acetate percentage dose recov-
eries in overweight and lean groups. Multiple ANOVA performed until 420 min post-
dose, the last common point between all the studies, showed a significant difference in
the kinetics of both instantaneous (group: overweight vs. lean: F = 10.41, P = 0.001;
group x time interaction: F = 1.40, P = 0.185) and cumulative (group: F = 5.99, P =
0.014; group x time interaction: F = 3.97, P < 0.0001) acetate percentage recoveries
between the overweight and the lean groups. (1B) represents the dietary acetate
percentage between overweight and lean subjects before and after physical activity
interventions on the physical activity. Dietary acetate recovery factor was significantly
different between overweight and lean subjects (overweight: 45.3 + 1.5; lean 50.6 +
0.6; F = 10.01, P = 0.002).

between 13C'FAOVERWEIGHT and BC'FAOVERWEIGHTmean calculations
was noted (—0.5 + 1.3%; t = —0.5; P = 0.7).

3.3. Effect of chronic interventions on physical activity on dARF and
the related dietary fat oxidation rates

The effect of physical activity interventions on dARF and the
related dietary oxidation rates are summarized in Table 4. In
overweight subjects, the post training average dARF was 46.4 +
2.4%, ranging from 31.5% to 60.1%. Physical activity intervention had
no effect in overweight subjects dARF with an average difference
between before and after exercise training of 1.1 +2.7% (t =04, P =
0.7). The resulting within-subject CV was 6.5%. The difference in
dARF between overweight and lean subjects remained significant
(F=12.0, P = 0.001, Fig. 3). The between subject CV was 17.0% after
exercise training which is 1.4-fold higher than what was observed
prior training. The '3C-FA percentage recoveries corrected by either
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Table 3
Determinants of dARF.
= P value

Age, yr 0.02 0.25
BMI, kg/m? 0.03 0.10
Fat mass, kg 0.08 0.01*
Fat mass, % 0.10 0.00*
RMR, MJ/d 0.00 0.89
RMRFFM, M]/d 0.00 0.46
NPQR 0.02 0.22
VO02max, L/min 0.00 0.68
VO2max, mL/kg/min 0.03 0.14
Fasting insulin, mU/L? 0.06 0.04*
Fasting insulin/glucose?® 0.08 0.02*
Fasting NEFAP 0.02 0.40
Fasting TG® 0.30 0.00*

BMI: body mass index, RMR: resting metablic rate, RMRFFM : RMR adjusted for fat
free—free mass, NPQR: non proteic respiratory quotient, TG: triglyceride, NEFA: non
esterified fatty acid. *P < 0.05. Regressions were used on 81 subjects.

@ Regressions used on n = 67 from Lipox, Bergouignan et al.® and Bergouignan
et al.'® studies.

b Regressions used on n = 52 from Lipox and Bergouignan et al.'® studies.

€ Regression used on n = 36 from Lipox study. Few data are missing from studies
because of differences in protocols’ objectives.

the overweight individual dARF (37.3 + 2.4%,t = —0.3, P=0.8) or by
the overweight subjects mean dARF (37.1 = 3.3%, t = —0.1, P = 0.9)
were not modified by the interventions on physical activity.

4. Discussion
4.1. Overweight vs. lean ARF

Since the introduction of the acetate correction factor by
Sidossis et al.> estimations of >C-derived plasma-fatty acid
oxidation are corrected for the sequestration of the tracer in the
TCA cycle and in the bicarbonate pool. Although the characteristics
of ARF measured under infusion conditions to correct plasma fat
oxidation has been widely studied, the variation and the repro-
ducibility of the dietary ARF have not been yet fully investigated.
We previously showed that a unique dARF can be applied in lean
subjects. However, whether the same dARF, another unique dARF
or an individual dARF has be to used to correct fatty acid oxidation

419

39 9

379

359

339

r——

C-FA percentage dose recoveries (%)

13

13 13
C-FAoverweiht "“C-FAoverwEiGHTmean  C-FA EaNmean

Fig. 2. [*C]fatty acid percentage dose recoveries corrected for label sequestration by
overweight individual (**C-FAoverweicht), overweight mean (*C-FAoverwEiGHTmean)
and lean mean (*C-FA ganmean) acetate recovery factor before and after physical
activity intervention in the overweight group. The mean dietary lipid oxidations are
38.2 £ 1.4,37.7 + 1.8 and 33.8 + 1.6 for *C-FAoverweicnT, *C-FAovERWEIGHTmean and >C-
FALEaNmean Tespectively. A repeated measure ANOVA showed a significant difference
between the three methods of corrections (F = 10.45; P = 0.001) and post hoc analyses
showed a significant difference between *C-FAoverweicht VS. >C-FAiganmean (P =
0.001) and *C-FAoverwEiGHTmean VS ZC-FALEaNmean (P = 0.002) but not between '>C-
FAoverwEiGHT and 13C'FAOVERWE]GHTmean (P =0.648).

for labelled carbon sequestration in the organism of overweight
insulin resistant individuals still needs to be determined.

In this present study, we compiled data from five distinct
studies, in which we measured the exogenous [1-'>C]ARF, and we
found an average dARF of 45.3 + 1.5% in overweight subjects that
was significantly lower than the 50.6 + 0.6% observed in lean
subjects.

The reduction in dARF in overweight subjects is likely due to
enhanced metabolic pathways where the labelled carbon can be
lost due to either a greater dispersion into the bicarbonate pool or
lost via isotopic exchange reactions in the TCA cycle. Acetate is
immediately converted into acetyl coenzyme A (acetyl-CoA), and it
is assumed that almost 100% of the labelled ['3C] acetyl-CoA will
enter the TCA cycle.!® Under normal resting conditions, only
a fraction of the infused [>CJacetate is recovered as 1>CO, in breath,
indicating that part of the '>C label is lost in the TCA cycle i.e.
formation of glutamate and glutamine and in lower quantity in
phosphoenolpyruvate(PEP), and eventually glucose and lactate, in
exchange for an unlabeled oxaloacetate (OAA) from gluconeogenic
precursors,? or buffered within the bicarbonate pool. Thus, the
extent of underestimation of the true rate of oxidation depends on
the rate of the TCA cycle in relation to the rate of exchange reac-
tions? and the dilution in the bicarbonate pool. The kinetics of 13CO,
suggest that the differences in dARF between overweight and lean
subjects are unlikely to be due to differences in bicarbonate pool
sizes (data not shown). A review combining 34 human bicarbonate
studies involving 480 subjects and investigating the variability in
recovery of labelled CO; after administration of [ >C]bicarbonate or
[*C]bicarbonate, found no significant differences in 4C and >C
recovery between obese and lean subjects.!® On the other hand, in
animals, there is evidence for cytosolic activation of acetate, espe-
cially in the liver, leading to the formation of cytosolic (lipogenic)
acetyl-CoA pool.?® Thus, some labelled acetate goes into endoge-
nous cholesterol synthesis??2 by the condensation of two acetyl-
coA molecules into acetoacetyl-coA and then jointly with a third
acetyl-coA molecule to form HMG-coA or into fatty acids formation.
Oral 13C-acetate was shown to label fatty acids and cholesterol 3-to
4-fold higher than IV 3C-acetate?' and is higher during fasting??
which is not the case of our subjects. Thus, fatty acids and choles-
terol synthesis in our experiment’ conditions represents a minor
way of loss of label.

The flux of the TCA cycle was shown to be influenced by
metabolic disorders due to obesity and diabetes.*® Schrauwen
et al.® hypothesized that a reduced TCA flux occurs in type 2 dia-
betes mellitus. Further, when skeletal muscle mitochondrial TCA
activity was accelerated during exercise, iARF was found to be the
highest in lean healthy individuals,* followed by obese than type 2
diabetic patients.23 At rest, Blaak et al.** found that iARF was
significantly lower in obese type 2 diabetic muscle compared to
obese healthy controls muscle. Furthermore, the [-adrenergic
infusion stimulation-induced increase in iARF was significantly
blunted in obese type 2 diabetes. In addition, a mismatch between
the rate of B-oxidation showed by increased levels of acyl-carni-
tines (B-oxidation intermediates)*> and the rate of TCA was found
to explain the incomplete oxidation in obese and diabetic myo-
tubes.2® Recently, using '3C magnetic resonance, Befroy et al.?’
assessed rates of substrates oxidation in muscle between lean
insulin resistant offspring of type 2 diabetic patients (n = 7) and
insulin sensitive control subjects (n = 12) by monitoring the
incorporation of 13C label into C4 glutamate during (2-'3C)acetate
infusion. They found that rates of muscle mitochondrial substrate
oxidation were decreased in lean, insulin resistant offspring
subjects. Taking these results together and the lower dARF we
found in our overweight insulin resistant subjects, we can extend
the hypothesis of Schrauwen et al.® for reduction in TCA flux in type
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Table 4

Effect of physical activity interventions on acetate recovery factor and the related dietary fat oxidation rates in overweight subjects.

Before intervention After intervention

Difference between after and before intervention P Value of t-test

13C_ARF 453 + 1.5 (36.7-50.2) 46.4 + 2.4 (31.5-60.1)
13C-FA 17.1 + 0.8 (14.1-22.9) 17.3 + 1.4 (11.3—24.7)
EC—FAOVERWEIGHT 38.2 + 1.4 (31.6—46.3) 37.3 + 2.4 (27.7-49.7)

C-FAOVERWEIGHTmean 37.7 + 1.8 (31.1-50.6) 37.1 + 3.3 (244-53.1)
13C-FALEANmean 33.8 + 1.6 (27.8—45.4) 33.8 + 3.0 (22.2-48.4)

1.1+ 2.7 (—18.6 to 13.9) 0.70
0.2 + 1.8 (—9.9 to 8.0) 0.93
~0.9+ 3.0 (~18.7 to 10.7) 0.77
~0.5 + 3.9 (~22.6 to 16.5) 0.89
—0.0 + 3.6 (—19.8 to 15.5) 0.99

Values are means + SEM (minimum/maximum is in the parentheses). 1>C-ARF, [ 1-!3C]acetate recovery factor calculated by extrapolation to infinite of the cumulative acetate %
recovery; '>C-FA, uncorrected dietary [1-'3C]fatty acid %recovery, '* CFAoverweiGHT, dietary [1-'3C]fatty acid %recovery corrected by individual overweight >C-ARF; >C-
FAOVERWEIGHTmean, dietary [1—‘3C]fatty acid %recovery corrected by overweight subjects’ mean 13C-ARF; ">C-FA tANmean, dietary []—13C]fatty acid %recovery corrected by lean

subjects’ mean ARF.

2 diabetes mellitus to a reduction in TCA flux in overweight insulin
resistant subjects.

In healthy subjects, an increase in insulin concentration might
decrease the rate of glycogenic pathway in relation to the TCA cycle,
resulting in a higher acetate recovery.? However, in the light of
significant negative correlations observed between dARF in over-
weight insulin resistant subjects and indexes of insulin resistance i.
e. fasting insulin and fasting insulin to glucose ratio, we found an
impaired effect of high insulin concentrations on TCA cycle in
overweight insulin resistant subjects. Furthermore, dARF corre-
lated negatively with percentage body fat. A similar negative
correlation was observed by Schrauwen et al. infused ARF (iARF).
Mitochondrial function could potentially become impaired as
a consequence of insulin resistance. Gaster et al.*® found that
a reduced TCA flux does not per se induce insulin resistance.
However, it is possible that the decrease in TCA cycle flux observed
in overweight insulin resistant subjects may occur as a cause, rather
than a consequence, of insulin resistance. Indeed, an inherited
defect in mitochondrial biogenesis or an acquired defect in mito-
chondrial activity due to age or sedentary lifestyle might lead to
impaired lipid oxidation, predisposing individuals to accumulation
of intramyocellular fatty acids metabolites.?”?® Increases in
concentrations of fatty-acyl CoA and diacylglycerol impairs insulin
signaling and causes insulin resistance.”>3? In that study, the
reduction in dARF is associated with adiposity and insulin
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Fig. 3. Box plot representation of the variability of the %recoveries of [1-'>Clacetate
between overweight and lean subjects before and after the interventions on the
physical activity. The box plot represents the median of these data, the 25th and 75th
percentiles at each side of the box, and the 10th and 90th percentiles at the extremes,
and the black points are the values above and below the 90th and 10th respectively.
Dietary acetate recovery factor was significantly different between overweight and
lean subjects before (overweight: 45.3 + 1.5; lean 50.6 + 0.6; F = 10.01, P = 0.002) and
after the intervention (overweight: 46.4 + 2.4; lean 51.1 + 0.6; F = 7.24, P = 0.009). The
physical activity intervention had no effect in among groups (group: overweight vs.
lean: F = 11.97, P = 0.001; Time: before vs. after: F = 0.65, P = 0.422; Time x group
interaction: F = 0.10, P = 0.754).

resistance but it is only correlative data. Further studies are war-
ranted to discern the primary cause of the decrease in TCA cycle flux
in overweight insulin resistant subjects.

4.2. dARF vs. iARF in overweight subjects

The average dARF observed in the overweight group is twofold
higher than iARF reported for obese subjects. Indeed, after 120 min
of tracer infusion, Schrauwen et al. reported an iARF of 22.9 + 0.5%
in a compilation study involving 31 obese subjects and Van Aggel-
Leijssen®! a iARF of 25.4 + 2.2% in 21 individuals. Of note, whereas
Schrauwen et al.# and Van Aggel-Leijssen et al.>! employed the [1,
2-B(lacetate, we used the [1-13C]acetate. The difference in the
acetate-labeling pattern partly explains the difference between
dARF and iARF values, as previously discussed.’ The lower values of
iARF may also be related to the shorter infusion time (2 h)
compared to the 8 h—11.5 h of measure under ingestion conditions.

Effects of a lower dARF in overweight and calculations methods
on fatty acid oxidation.

Using the lean subjects 51% dARF suggested by Bergouignan
et al.” in overweight subjects resulted in an average underestima-
tion of 11.5% of the tracer-derived fatty acid oxidation rates. This is
an important effect because it is comparable to the reported
differences in fat oxidation. For example, Votruba et al.8 reported an
increase in label recovery of 5—15% between exercise and rest
conditions. Bergouignan et al.>!® observed decreases in fat oxida-
tion of 11 and 8% when subjects were placed at bed rest.

According to Bergouignan et al. (2), we further tested how using
individual or overweight average dARF affected the dietary lipid
oxidation rates and their variabilities. As observed for lean subjects,
no effects were observed as the average percentage recovery of >C-
FA corrected by either individual or overweight mean acetate
recovery factor were not significantly different (within 1%). Using
a mean dARF for the overweight group leads to a variability in
individual fatty acid oxidation < 12%. Bergouignan et al.> reported
a difference < 10% in lean subjects between the dietary fatty acid
oxidations corrected by the individual dARF and those corrected by
an average lean group recovery factor whereas Schrauwen et al.>?
reported a difference of >30% for iARF. Such difference might be
attributed to the assumed buffering digestion effect reducing the
inter-individual differences resulting in a lower variability for dietary
acetate and lipid metabolism compared to plasma acetate and lipids.

4.3. Physical activity intervention effect

The present study also analyzes the effect of physical activity
intervention on dARF in overweight subjects. No significant
difference was found between before and after the chronic exer-
cise training. However, exercise training increased the between
subject coefficient of variability of dARF among overweight
subjects. Insulin sensitivity might partly contribute to this obser-
vation. The larger variability in fasting insulin due to differences in
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the overweight subjects response to training might contribute to
the larger variability in dARF recovery after training. Thus, even if
our results are in accordance with Bergouignan et al.,> special
attention should be paid in using a standard dARF during inter-
vention studies in overweight insulin resistant subjects, especially
in studies looking at determinants of dietary fat oxidations.

One limitation of our study is the relatively small sample size of
the overweight insulin resistant group. If the present study clearly
shows that dARF is lower in overweight than in lean subjects (with
a posteriori power calculation of 92.4%), further studies are clearly
needed in subjects presenting a larger range of obesity and insulin
resistance degrees. Nevertheless, based on the above review of the
literature convincingly showing that the TCA flux is lower in insulin
resistant type 2 diabetes patients, such studies will likely confirm
our results. They will be important, however, in determining
whether or not an average dARF can be used independently of
obesity and insulin resistance degrees. Although we found no
difference when using individual or overweight mean dARF of 45.3
to correct for overweight fatty acid oxidation, the small number of
subjects and the increased between subjects variability observed
after exercise training suggest that special caution should be taken
in using the average overweight dARF value from the present study
to other experimental settings.

In conclusion, we showed that dARF is lower in overweight
insulino-resistant individuals compared to lean individuals. Using
a dARF derived from lean subjects for measuring dietary fat
oxidation in overweight/obese insulin resistant subjects will results
in significant underestimation of the tracer-derived oxidation rates.
Before further studies are conducted on a larger scale of obesity and
insulin resistance degrees, we recommend to measure individual
dARF in subjects presenting metabolic disorders.
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Since lipogenesis is negligible in humans, weight gain represents a
consequence of a positive lipid balance mainly due to exogenous lipid partitioning
towards storage rather than oxidation. A positive energy balance might be achieved
when there is a lack of compromise in the voluntary modulable compartment of
total energy expenditure, the physical activity, in face of an increased energy
uptake. Although lipid oxidation is a hereditary trait, this does not imply that genes
play a role regardless of environmental factors, such as physical inactivity. This
relationship is more obvious when looking at the parallel prevalence of obesity with
the increase of sedentary behavioural induced by modern technology, creating a
favourable environment to weight gain, and in particular, in individuals with
pregenetic disposal for obesity. However, the mechanisms of complex interactions
between genetic predisposition and environmental and behavioural factors remain
speculative.

The main objective of this work was to longitudinally and cross-sectionally
investigate in healthy adults and in overweight subjects a potential relationship of
modulating habitual physical activity at different levels with dietary exogenous fatty
acid oxidation. We believe by finding such a continuum relationship, a potential
area of clinical implications for weight gain prevention and treatment is possible.
Indeed, such relationship would confirm that by modulating a specific level of
physical activity, improvement can occur in lipid metabolism. However, future
work would be warranted to determine such level.

To investigate how physical activity modulation impacts exogenous lipid
oxidation, we tested whether:

- Modulating physical activity levels would impact total energy expenditure
in adult men dependently on weight (lean vs. overweight) or lifestyle
(active vs. sedentary).

- Because stored lipids essentially originate from the diet and because the
partitioning of lipids between oxidation and storage depends on the whole
body energy turnover, dietary fat oxidation linearly responds to habitual
physical activity independently of energy balance.

To test our hypothesis, we chose the two main dietary fatty acids in human
diet: monosaturated (oleate) and saturated (palmitate) fatty acids and we checked if
they are similarly affected by physical activity. We also aimed to evaluate our result
with the current guidelines for physical activity recommendations.

These objectives, which represent the main frame of the discussion, were:

e To investigate the impact of habitual physical activity in the light of
current recommendations on lipid metabolism and discuss potential
beneficial effect of NEAEE.

e to determine how metabolic flexibility which represent the overall

body metabolism response to environmental challenges is affected by
physical activity modulation.
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e to determine the impact of physical activity /inactivity on the oxidation
of fatty acid of different chemical nature.
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1. PHYSICAL ACTIVITY LEVEL AND ENERGY
BALANCE REGULATION

In this work, we showed that modulating physical activity per se induces
differential metabolic modifications between healthy lean and overweight subjects.
We summarized our findings and the associated conclusions and perspectives in
Figure 1.

1.1.  Physical activity modulation and energy expenditure

1.1.1. Lean subjects follow modulations in activity energy
expenditure

One month of detraining by stopping any structured exercise and reducing
any bodily movement reduces significantly total and activity energy expenditure,
while two months training based on currents recommendations succeeded in
increasing total and activity energy expenditure in lean but not in overweight
subjects (Chapter 1 and Chapter 2). Total energy expenditure TEE is classically
divided into three components: resting metabolic rate RMR, dietary induced
thermogenesis DIT and activity energy expenditure AEE. AEE is the main
compartment that can be modulated voluntary by individuals i.e. by increasing any
type of physical activity either structured or non exercise physical activity NEAEE
or on the contrary by stopping any kind of exercise or body movement. Caspersen et
al. (Caspersen et al, 1985) gave a very subtile definition to this differentiation by
defining the exercise as a subset of physical activity that is characterized by planned
and purposeful training, and NEAEE as any bodily movement. Some studies have
highlighted the importance of physical activity in body weight regulation and have
shown an inverse relationship between physical activity level PAL and body mass
index BMI or adiposity and others studies have not (Hunter ez a/, 1996; Hunter et
al., 1997; Ekelund er al, 2002; Salbe er al, 2003).

However, there is a potential benefit to health metabolism by increasing
total energy expenditure in means of increasing any type of physical activity beyond
the effect of structured exercise. Indeed, Levine er al (Levine et al, 1999) have
highlighted the importance of NEAEE, as a predictor of weight gain and it was
shown that modulation in NEAEE can exceed TEE obtained by current
recommendations (Levine, 2007). On the other hand, increasing total energy
expenditure by exercise is moderate and there is a limited number of studies that
found an increase in energy expenditure, as measured by doubly labelled water,
through exercise training (Bingham er al, 1989; Blaak er al, 1992; Westerterp et al,
1992; Van Etten et al, 1997). Modulating physical activity, however, is not always
followed by effects on total energy expenditure. Indeed, compensatory behaviours
may occur, which can reduce the effect of modifying AEE.
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Figure 1: Summary of physical activity modulation-induced metabolic effects observed in our study and of the associated conclusions and perspectives. TEE, total energy
expenditure; AEE, activity-related energy expenditure; RMR, resting metabolic rate; PAL, physical activity level; TG, triglycerides; NEFA, non esterified fatty acid; VLDL,
very low density lipoprotein; BM, body mass; FFM, fat free mass; FM, fat mass; NEAEE, non exercise activity energy expenditure; CPT1, carnitine palmitoyl transferasel;
FAT/CD36, fatty acid translocase CD36; PGCla, peroxisome proliferator-activated receptor coactivator; AMPK, adenosine monophosphate-activated protein kinase;
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Introducing exercise training into a sedentary life style might result in a
compensatory behaviour by reducing the non exercise activity in individuals with
predisposition to be sedentary. However, in lean subjects, after training of 18 wk,
Van Etten et al. (Van Etten er al, 1997) found no changes in non training activity.

In this line, our trained group was not given any instructions about
modifying NEAEE. The positive increase in their TEE suggest that they did not
compensate the imposed structured by decreasing their NEAEE. On the other hand,
our detrained group was asked to strictly abandon any structured exercise and to
decrease their NEAEE. Although the PAL of the active detrained group decreased to
2.09, however this value is above general population PAL (Black and Cole, 2000).
This observation suggests that active persons preserved their initial level of NEAEE
and that this level was initially higher than general population habitual activities.
Beyond a supposition that the active group did not comply to our instructions to
reduce their NEAEE, it is interesting to speculate that these individuals might have
pregenetic disposition to remain active throughout the day in all sort of bodily
movement. We can also suppose that these individuals do not have the same
perception of physical activity as sedentary subjects and that they recognize
differentially the cost of energy required for a particular body movement in a less
extent than do sedentary individuals. Accordingly, although they might voluntary
reduce high energy required activity such as structured exercise and high NEAEE,
they do not reduce other type of moderate or low level of NEAEE because they do
not conceive its energy cost.

Thus, also we did not measure separately the NEAEE in our subjects, when looking
at the significant changes in TEE both in lean trained and detrained groups; we can
assume that their NEAEE did not show significant modifications. Nevertheless, the
effect of modulating physical activity is less obvious in overweight subjects.

1.1.2. Overweight subjects adopt compensatory behaviours facing the
increase in activity energy expenditure.

We have shown that while modulation of physical activity (high or low)
causes a change in the total energy expenditure in normal-weighted patients,
physical training under the current recommendations did not increase total energy
expenditure in overweight patients. In overweight subjects, training increased
fasting fat oxidation but had no effect on postprandial and exogenous lipid oxidation.
Current recommendations for physical activity seem to be insufficient to improve
exogenous lipid oxidation in overweight subjects. However, despite regular
participation in physical training program set by the protocol, the ineffectiveness of
physical training to increase total energy expenditure among overweight subjects,
suggests that they were offset by a reduction in the spontaneous activity (any type of
movement) that compensated the energy expenditure induced by exercise. This
compensatory behaviour was not observed in lean subjects suggesting that a
predisposition of overweight subjects to sedentary behaviours may be primary to
weight gain.

In this line, Levine et al reported a very significant relationship between
NEAEE and adiposity in lean and obese subjects (Kotz and Levine, 2005; Levine and
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Kotz, 2005). While both of these groups spend the same time in lying down and
sleeping, obese subjects spend 2.5 times more in sitting positions. This result is not
modified even after weight loss to a normal BMI range, which suggests that obese
people might have a pregenetic predisposition to the non adherence to physical
activity. Indeed, when lean subjects gained weight through overfeeding, their
tendency to be stand/ambulate persisted. When obese subjects became lighter, their
tendency to sit did not change. The same authors showed high interindividuel
variability in weight gain in response to a high dense lipid overnutrition related to
modulation in NEAEE (Levine er al, 1999). Thus, subjects who gained less weight
after two months of overnutrition of 100kcal/d were those who had the highest
NEAEE.

On the other hand, studies on the effectiveness of diet+exercise
interventions versus diet-only interventions for weight loss show that it is difficult
to overcome diet-induced reduction of physical activity with exercise training. A
meta analysis of a total of 18 randomized controlled trials on weight loss conducted
for a minimum of 6 months showed an overall difference of only 0.25kg between
the two groups (Wu er al, 2009). At a negative energy balance, the additional
exercise was compensated by a reduction of non training activity, resulting in
comparable decrease of total energy expenditure in the diet plus exercise and the
diet only groups (Kempen ez al, 1995). On the contrary, training leads to an
appreciable augmentation in the overall energy expenditure of obese children, even
with a lack of change in spontaneous physical activity (Blaak er a/, 1992). Beyond
the weight effect, age seems also to affect NEAEE. Exercise training does not seem to
prevent the age associated decline in physical activity because it is compensated by a
decrease in non-training physical activity (Westerterp and Plasqui, 2004). Thus, a
physically active lifestyle inevitably results in a proportionally larger decrease of
daily energy expenditure at later ages than sedentary lifestyle.

Altogether, these studies highlight, jointly with our results, the importance
of NEAEE in lipid metabolism. However, a question arises: what can explain this
pattern for overweight individuals to be sedentary?

1.2. What triggers reductions in NEAEE (sedentarism) in
individuals?

The word “sedentary” is derived from the latin word “sedentarius” which
means who sits a lot. Booth er al (Booth er al, 2002) have speculated that there is a
biological base for behavioural desire to be sedentary, in other words lack of desire
to be active. Approximately, 70% of adults in USA do not adhere to 30 min of
moderate physical activity of 5xtimes or more per week, including the 24% who do
not engage in any sort of activity (Mu er al, 2001). This behaviour is a part of
psychological pattern; however its mechanisms remain unclear. Currently,
sedentary behaviours became an ultimate consequence of the development of
technology and devices decreasing the cost of living.

1.2.1. Ability to undertake moderate physical activity without
fatigue

Physical inactivity reduces the duration of moderate physical activity until
exhaustion, preventing the continuation of the exercise at the same intensity of
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work (Padilla er al, 2001). It is also possible that a reduced ability to undertake
moderate physical activity could lead to reduced voluntary activity for some
psychological reasons. Less activity produces more deconditioning, less ability to
exercise without fatigue, and even more inactivity, in a negative cycle. While
activity induced energy expenditure is similar in subjects with a normal weight and
those with a higher weight (Westerterp, 2010), an overweight condition is limiting
for high intensity physical activity and physical performance. In a study of Blaak et
al. (Blaak et al, 1992) investigating the effect of an increase in physical activity on
energy balance and body composition, subjects were prepared to run a half
marathon competition after 44 weeks of training. Although manifestly obese
subjects were excluded by the selection criteria, most of the subjects with a BMI
above 24 experienced difficulties with training that led to their withdrawal
(Westerterp, 1999). Similarly, in a study of voluntary recruits for military service,
an overweight condition was the most important factor limiting high level training
(Tanskanen et al, 2008).

1.2.2. Voluntary physical activity

The desire of active individuals to preserving high or moderate level of
physical activity by engaging either into structured exercise or maintaining high
level of NEAEE, and on the contrary, the predisposition of individuals to become or
remain sedentary might have a mechanistic explanation.

Transgenic data suggest that the level of expression of certain genes in
skeletal muscle can be associated with the amount of voluntary activity in mice. The
expression in mouse muscle of a dominant mutant inhibitor of AMPK, partially
blocking the contraction due to glucose, reduced voluntary running by 20-30% (Mu
et al, 2001). The mice designed to overexpress the GLUT-4 in the muscle has a
fourfold multiplication of the distance travelled voluntarily on wheels (Tsao et al,
2001). These mice ate more than 45% but had a lower weight than sedentary mice
without the transgene. The authors of this study (Tsao ez al, 2001) assumed that it is
possible that the increased availability of glucose and / or glycogen to oxidation
allows mouse-MLC-GLUT-4 to practice for a period longer than the mouse controls.

In this line, our active group, when detrained showed a decrease in
PRKAA2, the catalytic subunit of AMPK. However, one month of detraining might
not be enough to induce voluntary desire to become sedentary and that this pattern
might need longer period to manifest and induce voluntary sedentary behaviours.
However, the decrease in PRKAA?2 suggests that this is probably bound to happen
and that sedentary behaviours might engender more sedentarism, thus increasing
the risk of weight gain and other metabolic alterations. These findings suggest that
the pattern of protein expression of skeletal muscle affects a voluntary control of the
central nervous system through either a direct response from skeletal muscle or
indirectly due to reduction in the size of adipose tissue. Our late Paleolithic
ancestors probably undertook physical activity for survival (food gathering, shelter,
etc.), and we thus speculate that metabolic adaptations to physical activity within
skeletal muscle may have evolved some type of feed-forward mechanism to provide
for the desire for additional voluntary physical activity. Thus, metabolic adaptations
to exercise (e.g., increased AMPK activity and GLUT-4 protein) could be
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biochemical clues of great importance in a culture in which insufficient activity for
the prevention of chronic health conditions occurs.

Therefore, a question arises: how does an environmental factor, such as
physical inactivity, trigger a modification of the underlying genetic composition of
an individual and encourage the sensitivity to detrimental health conditions,
although our genes have been programmed for the maximum preservation natural
selection?

1.2.3. An advantageous or detrimental genetic predisposition?

To provide a hypothesis on the genetic evolution to the question above, we
will focus on the physical inactivity and the sedentary lifestyle as a potent
environmental trigger for the development of several chronic diseases.
Environmental factors could exert their influence by altering the expression of a
subset of genes that leads to a phenotype that crosses the threshold of biological
significance to clinical symptoms (Geisbrecht and Gould, 1999). Physical inactivity
is an important component of these environmental factors. The modern Homo
sapiens is genetically more suited to a preagriculture lifestyle of hunter-gatherer
(Fernandez-Real and Ricart, 1999) because all the genetic material of Homo sapiens
has changed little over the past 10,000 years (Eaton er al, 1988). The societies of
hunter-gatherers probably had to undertake physical activity for more than 30
minutes each day in order to provide basic necessities such as food, water, shelter,
materials for heat and so on, to survive. One can speculate, but not prove, that any
phenotype of hunter-gatherers to prevent from engaging in physical activity
increases the probability of the random elimination of this organism or its progeny,
at a certain time (Booth er a/, 2002). On the other hand, a phenotype that would
favour a moderate physical activity, allowing greater capacity for the flow of
substrates for ATP production as fuel for physical labour would have been more
likely to survive and its gene pool would be transferred to future generations. Thus,
it is likely that many metabolic functions of modern humans have evolved as an
adaptation to a physically active lifestyle with a diet rich in protein and low in fat,
interspersed with frequent periods of famine (Fernandez-Real and Ricart, 1999;
Wendorf and Goldfine, 1991).

- “Thrifty Gene" hypothesis applied to physical inactivity

The notion of cycles of abundance and famine has generated the hypothesis
of "economic gene" or "thrifty gene" by Neel (Neel, 1962, 1999). According to this
hypothesis, people with “thrifty” metabolic adaptations probably convert more of
their calories as fat during periods of abundance (Cockram, 2000). Consequently,
those who have the thrifty phenotype would be less likely to be eliminated at
random during periods of food storage (Wendorf and Goldfine, 1991), that is to say,
during times of plenty, they will be more efficient and store more food calories fat
because of their efficient metabolic process. The ability of an organism to adapt to a
decrease in energy intake is beneficial to survival (Shetty, 1999). This concept also
involves cycles of metabolic processes with the flow of abundance and famine. A
reduction in energy intake below a threshold level results in a series of physiological
responses, biochemical and behavioural, which are an adaptation to low energy
intake (Shetty, 1999).
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In other words, physical inactivity is an unusual event for a genome
programmed to expect physical activity, which partly explains the genesis of how
physical inactivity leads to metabolic dysfunction and possibly, metabolic disorders
such as atherosclerosis, hypertension, obesity, diabetes type 2, and so on. The
estimated energy expenditure of daily physical activity is much less today than the
society of hunter-gatherers. The total energy expenditure of modern man is ~ 65%
of that of the late Paleolithic age, with the assumption that comparisons are possible
(Cordain er al, 1998). However, when size differences are taken into account, the
energy expenditure per unit body mass of physical activity for contemporary U.S.
adult is 7 38% lower than our ancestors (Cordain et al, 1998). The 30 minutes of
moderate exercise per day from the guidelines represent the energy expenditure of
only 44% of calories from hunter-gatherers of the 20th century, which, according to
Cordain et al (Cordain er al, 1998) is well below estimates for the energy
expenditure of our preagricultural ancestors. The thrifty phenotype thus represents
a disadvantage for sedentary people who have the right to free access to food
(Wendorf and Goldfine, 1991). They store fat in anticipation of a famine which does
not produce, because food is available on request. Some of those who develop
obesity and type 2 diabetes probably have the "thrifty gene". Also, the metabolic
processes have evolved to withstand a significant physical activity. When physical
inactivity accompanies periods of continuous nutrition, there is a deregulation of the
active phenotype with maintenance of the « thrifty » phenotype resulting in several
diseases such as obesity (Hansen, 1999).

This mechanism would have conferred a survival advantages during the
regular famines and natural disasters that were interspersed with feast periods. With
Westernization, these populations now have a plentiful supply of a diet with an
excess of energy, simple carbohydrates and saturated fats. This has been
accompanied by a reduction in both occupational and leisure-based physical
activity. Both factors may therefore cause the previously favourable metabolic
profile seen in survivors to become a handicap, which results in obesity (Dowse and
Zimmet, 1993). There exists an excellent model of this phenomen - the Israeli sand
rat ( Psammomys obesus) (Zimmet, 1999). When this animal is removed from the
sparse diet of its natural environment and given an abundant, high calorie diet, it
develops all of the components of the metabolic syndrome, including diabetes and
obesity. Recently, several new obesity and diabetes related genes have been isolated
and sequenced from P.obesus, including the “beacon” gene (Collier et al, 2000).
Intracerebroventricular infusion of beacon protein results in a dose dependent
increase in food intake and body weight and an increase in hypothalamic expression
of neuropeptideY, a brain peptide that stimulates food intake.

- “Drifty gene”: a nonadaptive scenario explaining the genetic predisposition
to obesity

Speakman (Speakman, 2007) called into question some fundamental
assumptions of the hypothesis of thrifty gene - in particular focusing, if the
difference in survival between individuals of normal weight and obese individuals
during the famine, provides adequate selection for the spread of the so-called
"thrifty gene". These arguments were criticized for that famine, affecting not only
survival but also fecundity, and obese people should support greater fertility facing
food shortage. Speakman (Speakman, 2007), however, showed that the argument of
the reduction in fertility is wrong because famines are almost universally followed
by periods of improvement in fertility, which offsets the decline observed during
the famine itself. The net effect of the famine on fecundity is consequently
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insufficient to rescue the idea of the thrifty gene. He suggested an alternative
scenario that subsections of the population have a genetic predisposition to obesity
due to a lack of selection, coupled with genetic drift. This scenario is based on
evidence from the prehistory concerning the release of our ancestors of the
predation pressure of about 2 million years. In addition, he added that it could be
one of a number of scenarios based on random genetic drift, which could explain the
specific etiology of the obesity epidemic. Together, these alternatives on the basis of
the concept of genetic drift rather than positive selection as the dominant factor,
may be called the hypothesis of " drifty gene " (Speakman, 2008).

In fact, according to Speakman (Speakman, 2007), the great challenge of the
assumptions of any explanation of the evolution of the genetic predisposition to
obesity is not to explain why we are obese, but rather to explain why only a fraction
of the population becomes obese. Even in the United States, 35% of the population
still has a BMI in the "normal" range of BMI: 17,5 to 25 (Flegal er a/, 2002; Ogden et
al, 2006). Any scenario that postulates a selective advantage for obesity due to
thrifty genes must explain why 35% of the population does not seem to inherit
these genes. The key aspect of this scenario of "drift" is that the genetic
predisposition to obesity is not interpreted as an advantageous feature favoured by
natural selection (as in the case of the thrifty gene). Instead, it must be regarded as a
consequence of the absence of selection. As such, this model is a non-adaptive
scenario, which argues that obesity has been consistently hostile to man (Speakman,
2008).

1.2.4. Application of the theory of genetic predisposition to NEAEE

There is a substantial NEAEE defect in human obesity, which may be
undcaused by a profound and subtle biology (Levine, 2007). An inference would be
that NEAEE is genetically driven (Gustafson and Rhodes, 2006) as twin data suggest
(Joosen et al, 2005b; Carlsson er al, 2006) and this conjecture is supported by the
overall recognition that obesity is, to a substantial degree, genetically determined
(Mutch and Clement, 2006). Obesity is associated with a NEAEE -defect that
predisposes obese people to sit (Tryon er al, 1992). Lean people have an innate
tendency to stand and walk. Overall, it is likely that there is a numerically
substantial NEAEE defect in obesity. This may reflect an ill-defined biology
whereby those with obesity have a greater likelihood to respond to sedentary cues to
sit. A novel theory has been recently discussed in a review by Levine etz al. (Levine,
2007) stating that leanness may be a state whereby the signals that stimulate NEAEE
are plentiful and potent even in the presence of caloric excess; these animals could
be termed, NEAEE activators. Conversely, obesity may be a state of central NEAEE
resistance, whereby signals go through the nervous system to stimulate NEAEE, but
in obesity the response to these signals is reduced; these animals are NEAEE
conservers whereby they dissipate minimal energy through NEAEE and become
obese (Levine, 2007).

The migration of humans over the globe enabled them to find nutrition and
shelter and the species was perpetuated in the presence of adequate fuel and safety
(Morgan, 1993). This time course is consistent with the calculated, spontaneous
mutation rate in DNA that explains the selective forces that explain our phenotype
(Drake, 1999). Thus, a fundamental characteristic of Homo sapiens is the time-
driven design to walk. If walking, which is the predominant component of NEAEE,
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served as an evolutionary selective force, a bimodal response in early Homo sapiens
to famine with respect to NEAEE could be imagined. One response to famine would
be for humans to search for food beyond their pre-existing physical boundaries
whereby NEAEE increases; this person would be a NEAEE activator. An alternate
response to famine in early humans might be to conserve fuel and stop moving so
that NEAEE decreases and body fat stores are not depleted; this person is a NEAEE
conserver (Levine, 2007).

NEAEE activators may therefore be people who are genetically
programmed to be more responsive to NEAEE cues, have high NEAEE and are lean-
walkers. In contrast NEAEE conservers may be people who are genetically
programmed to have blunted central responses to NEAEE signals and may thereby
be prone to sit, have low NEAEE and develop obesity. Although, this is only a
theoretical model, it illustrates the appropriate time course to consider genetic
influences on the human obesity phenotype.

1.3.  The role of NEAEE in energy balance regulation

1.3.1. Do reductions in NEAEE induce weight gain?

The current NEAEE has been estimated to be approximately 1500kcal/d
lower than our paleolithic ancestors (Hayes et al, 2005). As a result, there was
population-wide positive energy balance. People maintained their energy intake at
constant levels in the face of declining energy expenditure through NEAEE (Kant
and Graubard, 2006). Therefore, our society suffers from physical activity deficiency
primary to NEAEE lack. As discussed above, Levine er al. (Levine, 2007) argued that
there might be a bimodal response to starvation which can be applied to a bimodal
response to energy excess. NEAEE activators have genetic programming for high
NEAEE. As the environment imposed pressures over 150 years to decrease day-long
activity, NEAEE activators found approaches to dissipate NEAEE; for example they
walked to work. NEAEE activators may also have mechanisms to be energetically
inefficient for example through myocyte uncoupling (Kopecky et al, 1995; Gura,
1998) whereby more energy is dissipated per mile of walking (corrected for weight).
Regardless of the precise mechanism, NEAEE Activators retained their high NEAEE
-drive despite a flood of opportunities to sit. The NEAEE conservers, on the other
hand, are genetically programmed not to waste energy through movement or
NEAEE. NEAEE conservers over the last 150 years found their predilection to
minimize NEAEE fulfilled; they became able to sit at work, sit whilst in locomotion
and sit during leisure. With the emergence of chair-based living, NEAEE conservers
‘naturally' (genetically) sat and thereby conserved 1500 kcal day! (Hayes et al,
2005) whilst their energy intake was unchanged. It is not a surprise that they
became obese.
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Figure 2: A major question raised by the inactivity physiology paradigm is whether the typical
person who already does not perform structured exercise regularly will have increased risks of
metabolic diseases in the coming years as a result of too much sitting. The red circle shadows
the median of 13,344 middle-aged men and women (adapted from Blair er al (Blair er al,
1989). The majority of people in the general population already do not follow the prescription
for enough moderate-vigorous exercise. It logically follows that in people who already do not
exercise; it is impossible for higher rates of age-adjusted metabolic syndrome, type 2 diabetes,
obesity, and CVD over the coming years to be caused by further exercise deficiency. Inactivity
physiology is a discipline concerned with the future of people who may be sitting too much
(Hamilton er al. 2007).
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1.3.2. Non exercise activity deficiency can still increase:
implications

Recent National Health and Nutrition Examination Survey data (as
reported by Kruger er al (Kruger er al, 2007) reveal that only 28% of Americans are
“regularly active” by meeting the current minimal exercise recommendation for 30
min/day for 5 days/week of at least moderate activity. For minority racial groups and
less educated people, the numbers are one-half of that (Kruger er a/, 2007). It
logically follows that in people who already do not exercise, it is absolutely
impossible for further rates of age-adjusted overweight/obesity, metabolic syndrome,
type 2 diabetes, and cardiovascular disease (CVD) over the coming years to be
caused by further structured exercise deficiency. In contrast, non exercise activity
deficiency can still increase profoundly because nearly all people stand and move at
least 1 h/day and generally for many hours each day. Thus, many people are
potentially at greater risk for disease in the future by sitting more.

Taking in account that obesity is continuously increasing with the constant
technological progress and the fact that obese persons have been reported to “sit*
more than lean persons (Tryon et al, 1992), our results in Chapter 1 reveal that
physical inactivity induces metabolic alterations similar to those found in obesity
such as reduction in total, fasting and exogenous lipid oxidation although not to a
similar extent. Taken together and when looking at the left side of the positive
relationship of AEE with exogenous fat oxidation we found, we can suggest that
more sedentary behaviours will worsen the average person risk of developing
weight gain and eventually obesity, a question recently highlighted by Hamilton et
al. (Hamilton er al, 2007). However, our results give further answers by looking in
the opposite side of this relationship; we can open a new hope that by increasing
physical activity, potential improvements can be achieved in metabolic health,
when sufficient increase in energy expenditure is achieved.

In this line, it is not surprising to note that there is no obesity in the high
active individuals, while those who abandon their activity, frequently show weight
gain and increases in adiposity (Williamson, 1996; Haapanen et al, 1997b).
Interestingly although our active group maintained an average PAL after detraining
of 2.09 which is above the general population PAL, it was submitted to significant
metabolic reductions in total and exogenous lipid oxidation suggesting that these
alterations may occur independently of energy balance, through specific
mechanisms related to stopping exercise per se. We can suppose that our active
subjects maintained their usual NEAEE and only stopped their habitual structured
exercise. This finding raises the importance of NEAEE combined to structured
exercise for metabolic health.
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1.3.3. Does NEAEE modulation predict dietary lipid metabolism?

Recently, Bergouignan et al (Bergouignan er al, 2009b) during bed rest
studies in subjects with NEAEE deficiency, found that whereas the combined
resistive and aerobic exercise partially maintained the total fat oxidation likely due
to the exercise induced energy expenditure, it did not mitigate the decrease in
exogenous palmitate oxidation. Taking these results together, they supposed that
this lack of impact on exogenous fat oxidation is rather caused by the NEAEE
deficiency rather by insufficient exercise induced energy expenditure. They further
extrapolated their results in assuming that whereas total lipid oxidation may be a
function of exercise induced energy expenditure, dietary fat oxidation would be
function of NEAEE.

Our results show a positive relationship between AEE and exogenous lipid
metabolism in lean subjects. Although we measured overall AEE and we did not
differentiate between AEE spent with NEAEE and AEE spent with the structured
exercise, the lack of improvement in overweight subjects of exogenous fatty acid
oxidation in parallel with reduction in NEAEE suggests that predominantly the
relation we found between AEE and exogenous fatty acid oxidation can be
extrapolated indeed to a relationship between NEAEE and exogenous fatty acid
oxidation. In this line, Stubbs er al (Stubbs er al, 1995b) showed that active
individuals tolerated more the high fat diet compared with inactive and this may be
related to differences in daily NEAEE. Moreover, Smith er a (Smith er al, 2000a)
and Hansen et al (Hansen er al,, 2007) reported that the increase in the daily energy
expenditure accelerated the adjustment of fat oxidation to the proportion of fat
ingested in men and women respectively.

In other words, the lack of improvement in exogenous fatty acid we
observed in overweight subjects is not surprising, if we can suggest that this is
mainly due to the lack of NEAEE, independently of an increase in structured
exercise. The positive relationship we found of AEE and exogenous fatty acid
oxidation suggests that improvement can be achieved when sufficient increase in
AEE. These increases might be produced in enhancing NEAEE. Thus NEAEE might
be a key modulator in body weight regulation through lipid balance. On the other
hand, we cannot rule out the beneficial effect per se on lipid metabolism. Indeed,
even though with deficiency in NEAEE, overweight subjects succeeded when
training with structured exercise, in ameliorating their fasting fat oxidation, which
represents the whole body metabolic flexibility according to Corpeleijn er al
(Corpeleijn er al, 2009). Thus, AEE according to its type (structured vs. NEAEE)
might have differential effect either on total or on exogenous lipid metabolism. In
accordance, previous studies showed that dietary fat oxidation is differentially
affected by physical activity than global fat oxidation (Bergouignan et al, 2006), and
we confirmed this result in the lean and overweight trained group. A question thus
arises, is there differential effect on lipid metabolism between NEAEE and
structured exercise? In the next paragraph, we propose protocols for further studies
that might answer such a question.
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1.3.4. NEAEE vs. structured exercise: future researches perspectives

The total amount of time and energy expended during exercise is less than
that during non exercise activity. Whereas most of exercisers of our society
participate in exercise for less than 2h/week, which corresponds to an average
energy expenditure of less than 100 kcal/d, NEAEE has been reported to vary up to
2000 kcal/d (Levine, 2007). In attaining weight loss, exercise seems less efficacious
compared with dietary restrictions (Miller er aZ, 1997). This observation is beyond
the negative relationship between physical activity level and body weight or fat
mass. This deficiency in results is likely due to a non adherence to exercise
prescriptions in overweight subjects (Whybrow er al, 2008) and as shown by our
results, might be due to a decrease in the daily AEE similarly to other studies (Stubbs
et al, 2004). Therefore, further studies are warranted to investigate the role of the
non exercise in the prevention and treatment weight gain, in order to reduce heavy
exercise prescriptions which are difficult to follow and are discouraging for
sedentary persons. Interestingly, while overweight subjects failed to increase their
exogenous fatty acid oxidation, they succeeded in increasing their fasting fatty acid
oxidation, enhancing thus the role of structured exercise per se on total lipid
metabolism. In the light of these results, we think that future studies investigating
the role of structured exercise per se, NEAEE per se and the combined exercise +
NEAEE would highlight the importance of each component of AEE on lipid
metabolism i.e. total and dietary fat metabolism, in particular:

- A group of sedentary overweight subjects to be trained with controlled non
compensatory behaviours in opposite of structured exercise, thus with
increased NEAEE, would confirm if physical activity is able to affect
exogenous lipid metabolism in overweight subjects such it does in lean ones

(Figure 3A)

- Two groups of sedentary lean subjects to be trained with a similar amount
of total physical activity either spent in structured exercise per se or NEAEE
per se (Figure 3B) would permit to differentiate between the effect of
NEAEE and structured exercise.

- Two groups of active lean subjects to be detrained, with keeping a low level
of NEAEE, and adding either exercise or no exercise (Figure 3C). These
groups might highlight the effect of detraining combined or not with
exercise. The low level of NEAEE would allow these groups to be compared
to general sedentary population preventing the interference of metabolic
alterations induced by extreme physical inactivity, such in the bed rest
studies i.g. muscle atrophy.

Figure 3 is a summary of our results on total energy expenditure induced by
our protocols and in accordance, proposals for future researches in order to
investigate the potential differential role between NEAEE and structured exercise.
While increased energy expenditure through NEAEE and structured exercise has a
beneficial role in weight prevention through improvements in lipid metabolism, the
direct corollary of this observation is that reduction in energy expenditure leads to
the opposite effect and thus may promote weight gain. Modulating activity energy
expenditure, beyong its effects on total energy expenditure induces changes in the
other compoment of energy balance: the energy intake.
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Figure 3: Comparison of the total energy expenditure of overweight and lean subjects before and after physical activity interventions with that of general population,
and propositions for future researches perspectives to investigate the role of the two components of physical activity: non exercise physical activity (any bodily
movement) and structured exercise activity. Ex EE, exercise energy expenditure; NEAEE, non exercise activity energy expenditure, DIT, diet induced thermogenesis,

RMR, resting metabolic rate.
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1.4. Effect of modulating physical activity on energy intake

Body weight and energy balance can be maintained by adapting energy
intake to changes in energy expenditure, whereas short-term changes in energy
expenditure are mainly caused by physical activity. Energy intake can be affected by
modulation in physical activity and vice versa.

1.4.1. Does energy intake follow energy expenditure reduction?

Studies have shown differential results when physical activity is combined
with weight loss, weight loss per se or physical activity per se (Corpeleijn et al,
2009). Therefore, our aim in this work was to investigate the effect of modulating
the physical activity per se on total energy expenditure and metabolism,
independently of energy balance. Particular attention was paid to the maintenance
of energy balance throughout the intervention despite the changes induced by
physical activity modulation. This was achieved through appropriate dietary advice
by dieteticians and the combined measurement of weight and body composition
during the period of physical activity intervention. All three groups, lean detrained,
lean and overweight trained groups succeeded in maintaining their body weight as
required by the protocol. However, we have shown that after one month of
detraining, subjects reduced significantly their energy intake; while trained groups
did not significantly change their energy intake. These results suggest that on long
term, individuals can adjust their energy intake to imposed physical inactivity. This
result is of a particular interest when looking at the epidemiological data that
suggest that during the last decades, energy intake and fat consumption increased
(Popkin, 2006) and physical activity decreased (Egger et al, 2001). These changes
were considered to act in the direction of promoting obesity and diabetes.

Indeed, these observations represent a proof of the impaired capacity in the
mechanisms of energy balance regulation which leads to weight gain among
sedentary lifestyle individuals in population at risk. However, extrapolation of
results into general population has to be done with caution for our subjects were
followed by professionals and the changes in their energy intake do not represent
probably a voluntary choice. However, similar to our results, even when subjects are
fed to ad libitum, Bergouignan et al. (Bergouignan et a/, 2010) showed that energy
balance is regulated during two months of physical inactivity with subjects reducing
voluntarily their energy intake. Also, during a 6-wk bed rest-induced severe
inactivity, a decrease in energy intake was noted gradually to be adjusted with
energy requirements (Blanc er al, 1998). Indeed, there is growing evidence that
energy intake does decrease to re-establish energy balance but that it may take 2-4
wk for energy intake to match the changes in TEE (Blundell ez a/, 2003).

On the contrary, short term physical inactivity showed no adjustment in
energy intake and suggested that energy intake poorly follows modifications in total
energy expenditure, thus resulting in positive energy balance during conditions of
reduced physical activity (Murgatroyd er al, 1999; Shepard er aZ, 2001; Stubbs et al,
2004). Although decreases in activity induces decreases in TEE without
compensatory changes in energy intake which leads to a positive energy balance, it
seems that enhancing activity engender differential energy induced intake.
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Modulating physical activity either by increasing or decreasing engenders
differential results in individuals.

1.4.2. Physical activity and food intake

Humans who maintain their body weight stable are those who can adjust
their energy intake to their energy requirements as determined by body size and
function, which leads to a constancy in body weight and body composition. Human
can change their energy intake by a factor at least of three when adapting to the
energy expenditure (Westerterp, 2010). Westerterp et al (Westerterp, 2010),
combined the results of several studies (Bingham et a/, 1989; Blaak er al, 1992;
Westerterp et al, 1992; Van Etten et al, 1997) which investigated the effect of
exercise training in a total of 40 subjects with ad Libitum access to food. They
concluded, that an exercise-induced increase in energy expenditure induces
increased energy intake, thus compensating for the additional requirements,
especially at higher exercise loads. At physical activity levels higher than
approximately 2.5, subjects have problems maintaining energy balance (Westerterp,
1998) (DeLany et al, 1989; Forbes-Ewan er al, 1989; Hoyt er al, 1991; Jones et al,
1993; Burstein er al., 1996).

On the other hand, Stubbs er al (Stubbs er al, 2004) showed that a
reduction in the PAL from 1.8 to 1.4 over 7 days markedly affected energy balance.
A change to a sedentary routine did not induce compensatory reduction of energy
intake and most of the excess energy was stored as fat. Similarly, weight gain was
observed in runners because of reduction in weekly exercise, and it was not reversed
by resuming prior activity; this shows that intake follows an increase more than a
decrease in activity induced changes in daily energy expenditure (Williams, 2008).
Thus, it seems that the change from a physically active to a more sedentary routine
does not induce an equivalent reduction in energy intake and generally results in
weight gain. When looking at the effect of energy intake on physical activity,
different patterns have been also found. An increase in energy intake does not result
in an increase in energy expenditure through more body movement (Roberts er al,
1990; Diaz et al., 1992; Pasquet et al, 1992; Levine et al., 1999; Joosen et al, 2005a;
Siervo et al, 2008). However, undereating seems to result in decreased habitual or
voluntary activity and diet induced reduction of physical activity is difficult to
overcome with exercise training (Taylor and Keys, 1950; Redman et al,, 2009).

Taking these results together, weight gain observed as a consequence of a
change to a more sedentary routine can be explained by the absence of an equivalent
reduction in energy intake. Moreover, a more sedentary lifestyle can give more
opportunities to eat in our obesogenic environment. An example for this is the
relation found between television viewing and fatness which was explained by
increased food intake during viewing (Jackson et al, 2009).

While our results shows that the effect of physical activity on energy
balance is dependent on body mass and induced compensatory behaviours, the effect
of physical activity on oxidative balance seems more enhanced when detrained is
imposed. The next section discusses the effect of physical activity on metabolic
flexibility and lipid metabolism.
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2. PHYSICAL ACTIVITY LEVEL PREDICTS
METABOLIC ALTERATIONS

2.1.  Modulation of physical activity and metabolic flexibility

2.1.1. Physical activity level predicts metabolic flexibility

Metabolic flexibility is defined as the capacity to increase fat oxidation upon
increased fatty acid availability and to switch between fat and glucose as the primary
fuel (Corpeleijn et al, 2009). In healthy individuals, during fasting, the body relies
mainly on fatty acid oxidation while glucose is saved for glucose-dependent organs.
Postprandially, lipolysis is rapidly suppressed by insulin and glucose is used as fuel.
Our results show an overall effect of habitual physical activity on the daily
postprandial NPRQ and insulin variances. We further showed that habitual PAL
predicts MF in lean but not overweight subjects (Chapter 3), independent of any
overlapping effect of recent exercise and energy balance. The stronger deterioration
of MF observed after physical inactivity, when compared to the lack of significant
improvement in MF after training at current recommendations in both lean and
overweight subjects, highlights the importance of daily living activities.

In this line, during the shift to isoenergetic high-fat diet, Smith er a/ (Smith
et al, 2000b) showed that the ability of lean men to adapt fat oxidation was related
to physical fitness and fasting insulin concentration. We showed that both a
reduction in spontaneous and structured physical activity and an extreme physical
inactivity decreased metabolic flexibility. This statement is based on our
observations being consistent with those from previous detraining and bed rest
studies, which reported that a reduction in physical activity induces an increased
reliance on carbohydrate as an energy substrate associated with a decrease in fat
oxidation, an increase in plasma insulin concentration or a decrease in insulin action
regardless of the energy balance conditions (Stein and Wade, 2005). Even changes in
spontaneous physical activity, as low as a decrease from 6000 to 1500 in daily steps,
significantly impairs insulin sensitivity in healthy lean men (Olsen ez a/, 2008).

On the other hand, exercise training performed at current
recommendations (Haskell er al, 2007) provided mitigated results, as only trends
were noted with both indexes. Although an obvious positive effect was observed in
lean men, it clearly failed to improve metabolic flexibility in overweight subjects
and as a consequence, the overall effect of this exercise on metabolic flexibility did
not reach statistical significance. The observation, however, that training affected
metabolic flexibility along the overall same linear relationship than detraining
suggests that the training duration and intensity used in the present study, i.e. on
the basis of the current recommendations developed originally for cardiovascular
risks, were not enough to significantly affect metabolic flexibility. Moreover, the
lack of effect of this exercise training on overweight insulin resistant subjects might
simply reflect the fact that exercise training failed in this group to increase TEE.
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We can also speculate that the intensity (50% VO:zpeak), the duration (1h),
the rate (4 times/week) of the sessions and/or the duration of our protocol were
insufficient to positively impact metabolic flexibility. The improvement in insulin
sensitivity after 7 days of exercise at 70% VOzpeak, but not at 50% VOzpeak, in obese
subjects support such an hypothesis (Kang er al, 1996). The fact that training
following current recommendation affects metabolic flexibility along with the linear
relationship we observed for habitual baseline physical activity levels supports the
idea that a greater modulation in the exercise parameters may promote a higher
improvement in metabolic flexibility. On the other hand, our tests took place at
least 36hrs after the last bout of exercise to study the effect of training, and the delay
might have been too long to highlight the effect of training. Moreover, the fact that
the training performed at current recommendations only tend to, but not
significantly, improve metabolic flexibility in both lean and overweight men may be
simply due to the absence of associated body composition changes.

In conclusion, looking at the deleterious effects of physical activity on
metabolic health together with the positive relation of physical activity level in free-
living conditions with metabolic flexibility in our subjects, we can suggest that
active individuals have a greater ability to switch from free fatty acid to glucose as
the primary fuel between the fasting and the fed states than their inactive
counterparts. Such a relationship suggests that an increase in physical activity
should be associated with an improvement of metabolic flexibility and lipid
metabolism whereas a reduction in physical activity level should decrease it.
However, if enforced physical inactivity effectively impairs metabolic flexibility in
lean active subjects, independent of energy balance, the effects of exercise training
without weight loss on metabolic flexibility and total lipid metabolism appear less
obvious in both lean and overweight sedentary individuals.

2.1.2. Body mass composition in relation with metabolic flexibility

As required by our protocol, our subjects succeeded in maintaining their
body weight stable. However, in the detrained group, subjects lost FFM and
increased FM while no changes were found in the trained sedentary group.
Overweight subjects gained FFM. It is interesting to note that exercise induces
differential mechanisms when combined or not with body weight loss. Combined
with weight loss, exercise training improves insulin sensitivity (Mensink et al,
2003), fasting fat oxidation and increases mitochondrial content (Goodpaster er al,
2003). Training without weight loss (Duncan er al, 2003) increases the activity of
muscle oxidative enzymes and fat oxidation.

Several studies reported that exercise in absence of body mass loss has a
relatively modest effect (Venables and Jeukendrup, 2008) or no effect (Dekker er al,
2007) on insulin sensitivity. Only few studies (Houmard ez aZ, 1993; Duncan et al,
2003) showed that exercise, without weight loss, increases insulin sensitivity in
previously sedentary adults. In fact, we can argue that only one study (Houmard er
al, 1993) reported so far a beneficial effect of exercise per se on the response to
insulin, since in the other study (Duncan er al, 2003), body mass was effectively
stable but body composition was modified by exercise with a reduction in fat mass
and an increase in fat-free mass. Based on these evidences, we can assume that the
combined resistive and aerobic exercise training performed during the bed rest
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studies (Bergouignan et al, 2006; Bergouignan et al, 2009b) had a greater effect on
metabolic flexibility than the exercise training at current recommendation because
of a significant decrease in fat mass, indicating a negative energy balance. In support
of that, the existence of a significant correlation between insulin sensitivity and
adiposity is well established and several reports showed that combined exercise
training and fat mass loss improves insulin sensitivity (Schenk er al, 2009) and
fasting fat oxidation (Goodpaster et al, 2003).

Altogether, these results suggest that the prevention of metabolic
inflexibility is related to the combined effect of exercise and the loss of fat mass
rather than to the effect of exercise per se.

2.1.3. Innovative methodology to investigate metabolic flexibility

To investigate daily metabolic flexibility, we designed two novel statistic
indexes derived from the intra-individual variances in insulin and NPRQ in
response to two consecutive meals. This need to new indexes was drawn by the fact
that the effects of physical activity training and detraining between healthy lean and
insulin resistant subjects on metabolic flexibility did not appear significant when
using common approaches from previous studies i.e. the change between fasting and
post-prandial respiratory quotient (RQ) (Heilbronn et a/, 2007) and the area under
the curve of RQ following meal ingestion (Corpeleijn er al, 2008). When using
indexes that take into account the overall daily responses to meal ingestion rather
than RQ change in response to supraphysiological doses of insulin during a clamp or
in response to high fat/carbohydrate meal or diets, we succeeded to elucidate
variations in metabolic flexibility in lean active and sedentary lean and overweight
healthy individuals, undetected by the classical indexes.

With such calculations any potentially confounding fasting contributions
(Galgani er al, 2008) is minimized for their weight becomes similar to that of any
other data point collected over the day. The variance-derived indexes assumed a
metabolically flexible state when the variance in insulin is low and the variance in
NPRQ is high; and a metabolically inflexible state when the opposite is observed.
We also calculated a complementary index of metabolic flexibility derived for each
group being studied rather than individually estimated. In this approach, used to
study the effect of training/detraining, we used the overall daily data from each
group and the derived percentiles for both insulin and NPRQ. We assumed that the
slope of the relationship between NPRQ and insulin percentiles gives us a
quantitative insight of the effect of the physical activity intervention on metabolic
flexibility. Thus, an increase in the slope reflects a higher shift in NPRQ associated
with a lower insulin concentration, which is representative of improvements in
metabolic flexibility.
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2.2.  Physical activity and lipid metabolism

2.2.1. Are current guidelines sufficient for improving total lipid
metabolism?

In lean subjects trained according to the current guidelines of physical
activity, we did not find significant improvements in fasting and total lipid oxidation
(Chapter 1) and no correlation was found between AEE and fasting or postprandial
lipid oxidation. However, training increased fasting fat oxidation in overweight
subjects at rest, similar to other studies with matched energy balance (Poehlman er
al., 1994; Calles-Escandon er al., 1996).

There are several reasons to postulate that physical activity might increase
the capacity for fat oxidation. While exercise training at moderate intensity induces
higher capacity for, and reliance upon, fat oxidation during the exercise session
(Bergman et al, 1999), chronic exercise increases the activity of oxidative enzymes
and increases capillary density, thus facilitating fatty acid utilization also at rest
(Goodpaster er al, 2003). This improvement might also be attributed to an
improvement in LPL (Coppack et al, 1996) or alterations in muscle fibers (Kiens,
2006). Body composition might have an important role in enhancing fat oxidation.
Indeed, overweight subjects increased their fat free mass and it was shown that
changes in fat-free mass correlates with increases in fat oxidation (Poehlman ez al,
1994). Increases in RMR and RMR adjusted by FFM in overweight subjects, seem
also a potential candidate explaining the improvement in fasting fat oxidation.
Postprandial insulin concentration was reduced in overweight subjects suggesting
improvement in insulin sensitivity. This might also have a role in improvement in
fat oxidation. Insulin sensitivity is related to fat oxidation (Corpeleijn et al, 2009)
and particularly the augmentation of resting rates of fat oxidation is a specific
metabolic correlate of the amplitude of improvement in insulin sensitivity
(Goodpaster et al, 2003). Insulin has a antilipolytic effect, and acts on LPL in
adipose tissue to store TG and inhibits HSLP and NEFA liberation (Herd er al,
2001). The efficacy of insulin in reducing lipolysis is much more powerful than in
suppressing lipid oxidation (Golay et a/, 1986).

On the other hand, in lean subjects, training with no body composition
changes, failed to increase fasting fat oxidation. Similarly, other studies found no
improvement in fat oxidation in lean subjects at rest (Schrauwen er al, 2002) but
rather during exercise as response to chronic training (Sial et a/, 1998; Schrauwen et
al, 2002). Thus, it seems that fasting fat oxidation in lean subjects is less prone to
changes than in overweight subjects when no changes in body weight occur.
Combined with fat loss, exercise improves fasting fat oxidation (Corpeleijn et al,
2009). It was shown that exercise, in the absence of weight loss or body mass

composition, does not reduce fatty acid mobilization and uptake (Horowitz er al,
2000).

Overall quantity of exercise seem to be primary factor influencing fat
oxidation (Tsetsonis and Hardman, 1996b). We can speculate that modulation of
exercise parameters such as longer period (>2months) or frequency (>4times/week)
might affect more markedly fat metabolism and its related enzymes. However
studies of longer duration (3-6months) and higher frequency (4-5 times/week), in
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energy balance, found no changes in lipid profile i.e. TG concentration both in lean
(Sunami er a/, 1999) and overweight (King et al, 1991) subjects.

It should be noted that our subjects did not receive any instructions of
increasing further physical activity outside the imposed structured exercise sessions.
Thus, again, NEAEE might reinforce any metabolic improvements. In this line,
current physical activity guidelines have been bound to several modifications which
we resume in the following section.

2.2.2. Improvements of physical activity recommendations in the
light of the importance of NEAEE

New improvements in the current guidelines emphasises the role of NEAEE
(Table 1). Indeed, recent clarifications of the physical recommendations of
The American College of Sports Medicine (ACSM) and the American Heart
Association (AHA) (ACSM, 2007) released updated physical activity guidelines in
2007 and pointed to that being active throughout the whole day is beneficial in
increasing the effect of the 30mn exercise recommended.

Although the 2007 recommendations are similar to the 1995
recommendations at the core, here we present briefly these modifications in the
light of NEAEE importance.

- Moderate-intensity physical activity has been clarified. The 1995 document
simply recommended that 30 minute of exercise should be practised preferably all
days per week as the recommended frequency while the new recommendation
identifies five days per week as the recommended minimum.

- The type of exercise has been specified. Vigorous-intensity physical activity has
been explicitly incorporated into the recommendation.Indeed, the current
recommendations acknowledge both the preferences of some adults for vigorous-
intensity physical activity and the substantial beneficial effect of such exercise,
science base related, and encourages the participation in either moderate- and/or
vigorous-intensity physical activity. Moderate- and vigorous-intensity activities are
complementary in the production of health benefits and that a variety of activities
can be combined to meet the recommendation based on the amount (intensity x
duration), and using the concept of METs (metabolic equivalents) to assign the
intensity of the activity.

- The role of NEAEE has been specifically explicated in the current
recommendations. Thus, the recommended structured exercise needed is in addition
to routine activities of daily life. The updated recommendation now clearly states
that the recommended amount of aerobic activity should be followed by an addition
of light intensity routine activities of daily living such as self care, casual walking or
grocery shopping, or less than 10 minutes of duration such as walking to the parking
lot or taking out the trash. In the daily life, only some activities can be considered
to have a moderate intensity for at least 10 minutes in duration. However,
moderate- or vigorous-intensity activities conducted as a part of routinely daily
activities (e.g., brisk walking to work, gardening with shovel, carpentry) realized in
bouts of 10 minutes or more can be considered into the recommendation. Although
implied, this concept was not effectively communicated in the original
recommendation.
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- “More is better”. The new recommendation highlights the essential fact that
physical activity above the recommended minimum amount procures more health
benefits. Although the level that provides the optimal benefit for health has not
been determined, it likely changes with genetic profile, age, sex, health status, body
composition and other factors. Exceeding the minimum recommendation further
decreases the risk of chronic diseases induced by an inactive lifestyle. Although the
dose-response relation was acknowledged in the 1995 recommendation, this fact is
now explicit.

- Short bouts of exercise of 10 minutes are now more explicitly clarified in the
new recommendation. Although the original recommendation presented the
concept of accumulating short bouts of physical activity toward the 30-minute goal,
it was not completely clear there of how short these episodes could be.

- Muscle-strengthening activities have now been included into the physical
activity recommendation. The 1995 recommendation introduced this type of
exercise, however, it did not make specific declarations in this area.

- The current recommendations are now clearer in wording and minor changes
have occurred to enhance clarity in communications. For example, the term
“aerobic,” or endurance, has been added to clarify the type of physical activity being
recommended and to differentiate it from muscle-strengthening exercises.

While these recommendations are clearly beneficial to public health and
proven helpful into preventing several diseases i.e. cardiovascular diseases, it is not
clear if they are sufficient in preventing weight gain in pre-obese subjects as
discussed in the Introduction. Based on our results and on these new
recommendations with the emphasis of the role of NEAEE, we believe that future
studies combining exercise with NEAEE are warranted to highlight the role of each
component of activity energy expenditure to lipid metabolism and body weight
regulation, and the total energy expenditure required to induce significant metabolic
changes. However, potential benefice is ascertained in exogenous lipid metabolism
and in a larger scale in the shift of the substrate use which defines the metabolic
flexibility.
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Table 1: Guidelines for healthy adults under age 65 - Basic recommendations from
ACSM and AHA

All adults should avoid inactivity.
Some physical activity is better than none,
and adults who participate in any amount of physical activity gain some health benefits.

For substantial health benefits,
adults should do at least 150 minutes (2 hours and 30 minutes) a week of moderate-intensity,
or 75 minutes (1 hour and 15 minutes) a week of vigorous-intensity aerobic physical activity,
or an equivalent combination of moderate- and vigorous intensity aerobic activity.
Aerobic activity should be performed in episodes of at least 10 minutes, and preferably,
it should be spread throughout the week.

1

For additional and more extensive health benefits,
adults should increase their aerobic physical activity to 300 minutes (5 hours) a week of moderate intensity,
or 150 minutes a week of vigorous intensity aerobic physical activity,
or an equivalent combination of moderate- and vigorous-intensity activity.
Additional health benefits are gained by engaging in physical activity beyond this amount.

Moderate-intensity physical activity
means working hard enough to raise
your heart rate and break a sweat,
yet still being able to carry on a
conversation.

It should be noted that to lose weight
or maintain weight loss, 60 to 90
minutes of physical activity may be
necessary.

The 30-minute recommendation is for
the average healthy adult to maintain
health and reduce the risk for chronic
disease.

Adults should also do muscle-
strengthening activities that are
moderate or high intensity
and involve all major muscle
groups on 2 or more days a week,
as these activities provide
additional health benefits.
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2.2.3. Chronic vs. acute effect of exercise on lipid metabolism

Our results reveal that while fasting and postprandial fat oxidation
decreased in the detrained group and fasting fat oxidation increases with chronic
training in overweight subjects, postprandial fat oxidation does not show significant
improvement neither in lean nor overweight groups. In contrast to chronic training,
prior exercise increases postprandial fat oxidation (Murphy er al, 2000). Thus,
chronic training effect on fat oxidation differs from the acute effect of exercise.
Indeed, on the onset of exercise, there is a large increase in uptake and oxidation of
long chain fatty acid in skeletal muscle. It is also well recognized that prolonged
exercise for several hours at low intensity induces a gradual shift decrease in the
respiration quotient and hence an enhanced lipid utilization at the expense of
carbohydrates as energy fuel.

It was suggested that exercise has only short term beneficial effect on lipid
metabolism (Schenk and Horowitz, 2007). Indeed, the favourable conditions of
exercise are rapidly reversed in the absence of recent exercise, i.e. less than 16hr
after the session of exercise (Gill and Hardman, 2003; Petitt er al, 2003). De-training
studies provide compelling evidence that exercise training may not markedly
influence TG metabolism in the absence of recent exercise and that training induced
changes in TG metabolism may be short-lived (Gill and Hardman, 2003). In our
study, we did not find significant changes in fasting and postprandial NEFA and TG
concentrations. Other studies have found no changes in NEFA after three months
training nor in the expression of key genes of lipolytic pathway (Richterova et al,
2004). Thus, exercise training in the absence of acute exercise does not appreciably
influence postprandial lipemia and TG concentration, and the influence of moderate
training on blood lipids is not supported with strong evidence (Tambalis er al,
2009).

In conclusion, although endurance trained people exhibit low levels of
postprandial lipemia, this favourable situation is rapidly reversed with de-training
and it is likely that the triglyceride (TG) lowering effects of exercise are mainly the
result of acute metabolic responses to recent exercise rather than long-term training
adaptations. A large body of evidence suggests that postprandial lipemia can be
attenuated following an individual exercise session, with the energy expended
during exercise being an important determinant of the extent of TG lowering.
However exercise training per se is likely to be beneficial to TG metabolism, as
trained individuals are able to expend more energy during an exercise session than
their untrained peers (Gill and Hardman, 2003). In this line, daily physical activity
more likely impact lipid metabolism continuously. When looking at chronic
training as formed by the accumulation of numerous bouts of exercise, we can rule
out the beneficial of exercise to lipid oxidation.
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2.3. Physical inactivity: a detrimental status for metabolic health

2.3.1. Detraining effect on metabolic physiology is more
pronounced than physical activity

While minor effects appear on total lipid metabolism with training, the
effects of detraining are more pronounced and engender deleterious effects on
metabolism even though the duration of one month of detraining was less than the
two months training (Chapter 1). Such findings highlight again the risk of the
increased pattern of sedentarism in populations and the urgent need to find solution
capable of encountering its effects, for it seems, based on our results, that it will take
much longer to heal the metabolic consequences of being inactive than to prevent
them. Indeed, with one month of detraining, we found a decrease in fasting,
postprandial and exogenous fat oxidation. Detraining is known to be the partial or
complete loss of adaptations due to training, in response to a lack of stimulus of
training. The characteristics of detraining may differ depending on the duration of
detraining or insufficient training (more or less than four weeks of detraining). This
model can be used in interventional studies to investigate the effect of inactivity
physiology which might resemble to those engendered by sedentarism.

It is well known that skeletal muscle is characterized by its ability to adapt
dynamically to varying levels of functional demands. During periods of reduced
stimulus to the physical training, a muscular detraining occurs. This detraining is
characterized by a reduction in capillary density, which could take place within 2-3
weeks of inactivity (Mujika and Padilla, 2001b). The difference in arteriovenous
oxygen decreases if the stop of the training continues beyond 3-8 weeks (Mujika and
Padilla, 2001a). It is known that the duration of the depletion is correlated with
mitochondrial density in skeletal muscle (Holloszy and Coyle, 1984). A key feature
of muscular inactivity is a marked decrease in the oxidative capacity of skeletal
muscle, as clearly shown by the reduced activity of mitochondrial enzymes (Mujika
and Padilla, 2001b) and thus a rapid and progressive reduction of oxidative enzyme
activities contributes to the reduction of mitochondrial production of ATP. The
above changes are related to the reduction of VO2max observed during a long-term
detraining. These muscle characteristics remain above sedentary values in an athlete
detraining, but generally return to baseline in recently trained subjects. The
activities of glycolytic enzymes do not show changes during periods of detraining
(Mujika and Padilla, 2001a). The distribution of muscle fibers remains unchanged
during the first weeks of inactivity, but may reduce oxidative fibers in athletes of
endurance sports and increase in strength sports in the eight weeks of detraining
(Mujika and Padilla, 2001b). The performance, in general, is maintained for a
maximum of four weeks of inactivity, but of eccentric forces and forces of a specific
sport could drop significantly.

At the cellular level, inactive skeletal muscles have a reduced activity of
AMPK (Winder and Hardie, 1996), of the mRNA of the nuclear regulator factor-1
(NRF-1) (Gordon et al, 2001), the activity of the synthesis of aminolevulinic acid
(ALA) (Holloszy and Winder, 1979), of the mRNA of the mitochondrial
transcription factor A (mTFA) (Gordon et al, 2001), and concentrations of protein
cytochrome c¢ (Holloszy, 1967) and reduction of mitochondrial density (Holloszy,
1967) than of the active muscles. Published data suggest a potential signalling
pathway (caused by increased contractile activity): increased AMPK activity
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generates an increase in NRF-1 protein, which in turn binds to promoters of the
synthesis of ALA and mTFA genes, leading to an increase of cytochrome c and
mitochondrial density (Xia et al, 1997; Bergeron et al,, 2001b; Hood, 2001). Because
not all promoters of the gene transcription of mitochondrial proteins have binding
sites for NRF-1, other transcription factors may be involved in mitochondrial
biogenesis modulated by the contractile activity.

The deleterious effects of physical inactivity are enhanced with longer
duration. Thus, although metabolic alterations are triggered with short period of
physical inactivity, as shown by our results, an intervention that takes longer time
i.e. above 2 months or even a life style pattern of sedentarism might manifest
increased metabolic alterations.

2.3.2. Effect of a short term detraining

In the short term (less than 4 weeks) and similar to our results in Chapter 1,
cardiorespiratory detraining is characterized by a rapid decline in maximal oxygen
uptake (VO2max) and blood volume (Mujika and Padilla, 2000). The heart rate
increases but not sufficiently to offset the decline in stroke volume and cardiac
output is reduced. The ventilation efficiency and performance in endurance are also
compromised. These changes are more moderate in recently trained individuals.
From a metabolic viewpoint, we found a reduction in fasting and postprandial fat
oxidation which suggests that carbohydrate oxidation is favoured. However, our
results show no effect of one month detraining on carbohydrate oxidation. Studies
have shown, in the same line, that short term inactivity implies an increased
dependency on carbohydrate metabolism during exercise, as evidenced by a high
respiratory quotient during exercise (Moore et al, 1987), and a reduction of the
lipase activity, the content of GLUT-4, glycogen and lactate threshold (Coyle er al,
1985; Mujika and Padilla, 2000). These changes may occur after 10 days of
detraining (Mujika and Padilla, 2000). In muscle, capillary density and oxidative
enzyme activities are reduced. Looking at the hormonal changes, we found an
increase in both fasting and postprandial insulin concentration suggesting a reduced
sensitivity to insulin; others studies have found a change in hormones that regulate
the flow of electrolytes (Mujika and Padilla, 2001a). Based on the deleterious effect
of physical inactivity, we believe that longer duration would have increased these
alterations. This suggestion is supported by strong evidence from studies
investigating the effect of extreme physical inactivity.

2.3.3. Effect of extreme physical inactivity

In humans, there is a longitudinal model of physical inactivity. This is the
model of physical inactivity by prolonged bed rest at -6 ° head sloping used by space
agencies to replicate the effects of space environment on the organism (Vernikos,
1996). After an inactivity of short term (7 days) and long term (42 days), several
alterations were observed i.e. a development of resistance to effects of insulin,
increased plasma triglyceride and fatty acids levels, muscle atrophy and a significant
shift in the major substrate oxidation with a reduction of total fat oxidation (Blanc et
al, 1998; Blanc er al, 2000). Inactivity reduced fasting and postprandial lipid
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oxidation (Bergouignan er al, 2006). However, this effect depends on the chemical
nature of lipids (Bergouignan er al, 2009a). Indeed, only the oxidation of saturated
fat was reduced (-10%) while that of monounsaturated fats remain unaffected by the
inactivity (Bergouignan et al, 2009b).

The first consequence of prolonged bed rest is a net reduction of
spontaneous and structured physical activity leading to a decrease in total energy
expenditure (TEE) (Gretebeck er al, 1995; Blanc et al, 1998) which is primarily the
result of the reduction of expenditure energy-related physical activity (33). A
decrease in spontaneous food intake when food is available ad Zibitum (Blanc et al,
1998) was observed ,with a preferential choice of foods rich in carbohydrate at the
expense of those rich in lipids in parallel with an increase in leptin which could
play a role in reducing spontaneous food intake. There is also a muscular atrophy
associated with a greater muscle fatigue and decreased strength and exercise capacity
characterized by a decline in aerobic capacity (VO:max), which depends on the
duration of bed rest and the initial level of VO2max subjects (Blanc er al, 1998;
Paddon-Jones et al, 2004; Bergouignan er al, 2006). In addition to muscle atrophy,
changes in the proportions of muscle fiber types were observed during long-term
capital (Trappe et al, 2004) with a decrease in the percentage of oxidative muscle
fibers associated with an increased percentage of glycolytic fibers characterized by a
lower insulin sensitivity.

At the metabolic level, there was a decrease in beta-oxidation (Barbe et al,
1998), the activity of muscle lipoprotein lipase (Bey and Hamilton, 2003)), a
decrease in gene expression carnityl palmitoyl transferase I (CPT-I), the protein
responsible for the entry of long chain fatty acids into mitochondria (Stein et al,
2002), increased glycolytic capacity (Stein er al, 2005) and a reduced capacity to
oxidize lipids via a decrease of gene expression of enzymes involved in beta-
oxidation (Rimbert er al, 2004). In contrast, no increase in glucose production has
been demonstrated in patients in bed rest (Blanc et al., 2000). These alterations in
lipid metabolic capacities, hyperlipemia and insulin resistance are similar to those
found in healthy inactive subjects and obese or diabetic subjects and give further
evidence that the defects in lipid metabolism considered conductive to weight gain
might be secondary to the adoption of generalized sedentary behaviours in the
general population.
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Table 2: Comparison of the altered lipid metabolism observed in our healthy lean detrained subjects, in healthy lean extremely inactive subjects and in
obese/diabetics individuals. Data of the extremely inactive subjects are obtained from Bergouignan er al. during bed rest studies both in men (Bergouignan et
al,, 2006) and women (Bergouignan er a/, 2009b).

Parameters Healthy detrained subjects healthy extreme inactive subjects Obese subjects and/or diabetic subjects

Body mass stable l 'tt
Fat mass l stable I'
Fat free mass l u 'I

I in [TG], with a greater spillover of [NEFA]
and putative increase in [VLDL]

it it
it 1

u "
u u

Lipemia stable I in [TG], [NEFA] and [VLDL]

Exogenous fatty acid
retention in lipid fractions

Insulinemia

Total fat oxidation

= = =

Exogenous fat oxidation

Fatty acid transport in muscle :

into myocyte FAT/CD36 stable l in gene expression no change reported
into mitochondria CPT1 stable l in gene expression l in gene expression and activity
Mitochondrial oxydative capacity l (via mMRNA PRKAA2 decrease) ll (via mMRNA COX4 decrease) l l

[IMTGJintramuscular

triglyceride synthesis l (via mMRNA mtGPAT decrease) t t

TG, triglyceride; NEFA, non-esterified fatty acid; VLDL, very low density lipoprotein; CPT1, carnitine palmitoyl transferasel; FAT/CD36, fatty acid translocase CD36;
PRKAA2, o2 isoform of the catalytic subunit of the adenosine monophosphate-activated protein kinase AMPK; COX4, citrate synthase.
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2.4. Physical activity level predicts exogenous lipid metabolism

Since lipogenesis is negligible in humans, weight gain represents a
consequence of a positive lipid balance mainly due to exogenous lipid partitioning
towards storage rather than oxidation. Our major finding is that modulation of
physical activity differentially alters both monounsaturated and saturated fatty
acids. Indeed, PAL explained positively both dietary fatty acid oxidations in lean
subjects but not in overweight subjects (Chapter 1 and Chapter 2). Training
increased exogenous oleate oxidation and palmitate oxidation failed to reach
statistically significant values in lean group, while detraining decreased both oleate
and palmitate oxidation.

Studies mainly evaluated the total fat or endogenous trafficking with
regards to physical activity level (Horowitz and Klein, 2000; Jeukendrup, 2002) and
only a small number of studies such as Votruba er al (Votruba et al, 2002) were
interested in dietary fat trafficking. Indeed, Votruba er al (Votruba er al, 2002)
investigated the effect of different exercise intensity (low, moderate, intensive) on
dietary fatty acid utilisation and showed a positive effect of exercise on dietary
monounsaturated fatty acid oxidation (oleate) rather than saturated fatty acid
(palmitate) and the increase in oleate oxidation was independent of exercise
intensity.

On the other hand Bergouignan er al investigated the effect of extreme
physical inactivity on oleate and palmitate repartition in two bed rest studies both in
men (Bergouignan er al, 2006) and women (Bergouignan et al, 2009b). They found
that physical activity decreased palmitate oxidation but failed to show any changes
in oleate oxidation. They concluded that while saturated and monounsaturated fats
have similar plasma trafficking and clearance, physical inactivity affects the
partitioning of saturated fats towards storage, likely leading to an accumulation of
palmitate in muscle fat. These results suggested that Mediterranean diets should be
recommended in sedentary subjects and recumbent patients.

However, we showed that oleate oxidation is decreased by detraining and
the difference between our results and Bergouignan et al. (Bergouignan et a/, 2006;
Bergouignan et al, 2009b) might be due to the metabolic alterations induced by
extreme physical activity such as muscle atrophy and changes in muscle fibres type,
which did not occur with one month of detraining. Indeed, with extreme physical
activity, there is a shift in the muscle fiber types characterized by a decrease in the
oxidative twitch fibers (myosin heavy chain [MHC]-I and MHCIIa) and an increase
in the glycolytic twitch fibers (MHCIIx) (Salanova et al, 2008; Trappe et al, 2008).
Such a fibre type pattern with a higher proportion of glycolytic fibers in skeletal
muscle was observed in obese and diabetic subjects (Tanner ez al, 2002). It might be
that monounsaturated fatty acid are more oxidised in glycolytic fibres than saturated
fatty acid, which compensate the decrease of its oxidation in oxidative fibres, when
shift into more glycolytic fibers occur with detraining. Since one month of
detraining does not induce such alterations in muscle fibre type, the decrease in
oleate oxidation would be concomitant to the reduction in palmitate oxidation.

Our results show, that beyond any differential effect between the effects of
modulation in physical activity according to the type of dietary fatty acid, both
monounosaturated and saturated fatty acids would be modified with modulation of
physical activity as shown by the positive relationship of both of these fats with
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physical activity level (Figure 5). Nevertheless, it seems that saturated fatty acids are
more affected by detraining. This result is interesting, considering that the saturated
fatty acids are associated with an increased risk of obesity, diabetes (Gonzalez er a/,
2000; Votruba er al, 2002; Petitt et al, 2003), probably due to a reduced oxidation
(Williams er al, 2000) and storage in adipose tissue (DeLany et al, 2000; Brunner et
al, 2001) and intermediate muscle lipids (Garaulet et al, 2001; Sabin er al, 2007),
compared with monounsaturated fatty acids. In contrast, monounsaturated fatty
acids are considered protective against the development of obesity and insulin
resistance (Gonzalez er al., 2000; Votruba er al, 2002; Petitt er al., 2003).

2.5. Applications of our results into public health

25.1. The relevance of the relationship of PAL with exogenous
fatty acid oxidation into practical health implications

The positive relationship between exogenous fatty acid oxidation with PAL
is of a particular importance for it suggests that improvement in exogenous fatty acid
oxidations can be achieved with further modulations of physical level such as longer
duration or frequency of the exercise applied. Moreover, we suggest that any
increase in total energy expenditure by any intervention i.e. increases in NEAEE is
of benefit for fat oxidation improvement. In other words, sedentary individuals may
beneficially increase their fat oxidation by increasing any sort of activity without
constraint of high physical activity imposed programs. However, we can also rule
out the importance of the role of structured exercise per se and further
investigations of a combined or separate structured and/or NEAEE are required.
These findings reveal a potential new extent for physical activity guidelines and
health outcomes in general population. While current recommendations did not
achieve significant changes in total fat oxidation, the question remains how much
physical activity would be sufficient to induce improvements in fat metabolism.

While the data investigating a causal role of physical activity in the
physiopathology of obesity are unambiguous, our results provide key data in the
current debate about the role of physical activity in the treatment of obesity and
metabolic disorders associated with physical inactivity, demonstrating a positive
relationship between the amount of energy expended during activities and the fate
of dietary lipids. This suggests that research efforts on the types of physical activities
to promote in different populations, are imperative in the context of treatment and
prevention. Given the contrasting effects of the so-called spontaneous activities
versus structured, it seems essential that these studies take into account the socio-
ecological environments in which populations at risks evolve.
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Figure 5: Relationships between Activity energy expenditure according to its two
components: non exercise activity energy expenditure NEAEE and structured
exercise with the exogenous fat oxidation of monounsaturated fatty acid and
saturated fatty acid. The slopes of relationship on the down side of the figure
represent the differential effect between training at the current recommendations,
detraining and extreme physical inactivity. Training was performed in lean
sedentary subjects according to the current recommendations of physical activity at
50%VO2max, detraining was performed in highly active lean subjects by stopping
structured exercise and reducing NEAEE, however active subjects maintained a high
NEAEE as shown by their physical activity level, and extreme physical inactivity
was performed in a moderate active subjects in a bed rest model combined or not
with structured exercise. The results of the NO NEAEE at the left side of the graphs
are adapted from bed rest studies of extreme physical activity ( Bergouignan et al.
(Bergouignan et al, 2009b), Bergouignan et al (Bergouignan er al, 2006)). Both
saturated and monounsaturated fatty acid oxidations are in a direct linear relation
with activity energy expenditure. Slopes of relationship show that while
monosaturated acid oxidation is more affected by physical activity, physical
inactivity effects are enhanced on saturated fatty acid oxidation.
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2.5.2. Weight gain prevention: increases in physical activity or
reduction in energy intake?

As discussed above, our results show no major improvement in total lipid
metabolism with training at current guidelines of physical activity, when no
changes in body weight occur. Moreover, it seems that weight gain prevention and
treatment is more effectively altered when exercise is combined with weight loss
(Corpeleijn et al, 2009). Theoretically, there are two options for reversing the
general population trend towards increasing body weight: reducing intake or
increasing physical activity. In a recent study of Westerterp er al (Westerterp,
2010), it was shown that overeating does not affect physical activity, while
undereating decreases habitual or voluntary physical activity. Thus, it is easier to
gain weight than to lose weight. An exercise-induced increase in energy
requirement is typically compensated by increased energy intake, while a change to
a more sedentary routine does not induce an equivalent reduction of intake and
generally results in weight gain. They concluded that preventing overeating by
eating less is likely to be the most effective strategy, despite the potential for a
negative effect on physical activity when a negative energy balance is reached.
There is evidence that physical activity is of importance for weight maintenance,
especially for the prevention of weight regains after weight loss. Schoeller et al
(Schoeller er al, 1997) assessed physical activity energy expenditure in weight-
reduced women and found that lower activity levels were associated with greater
weight gains at follow-up. Weinsier et al (Weinsier et al, 2002) compared total
free-living activity energy expenditure and physical activity levels in women who
were successful and unsuccessful at maintaining a normal body weight. Two groups
were identified on the basis of extreme weight changes: weight maintainers, who
had a weight gain of <2 kg/y, and weight gainers, who had a weight gain of 26 kg/y.
Gainers had lower activity energy expenditures, lower physical activity levels, and
less muscle strength. A lower activity energy expenditure in the gainers explained
77% of their greater weight gain after 1 year. The weight gain observed as a
consequence of a change to a more sedentary routine can be explained by the
absence of an equivalent reduction of energy intake. Additionally, a more sedentary
lifestyle might give more opportunities to eat in our obesogenic environment.
Increased television viewing in children has been found to be associated with
elevated body fatness but not with lower total energy expenditure (Jackson et al,
2009); the relationship between television viewing and fatness was explained by
increased food intake during viewing.

However, with the positive relation of PAL and exogenous lipid oxidation,
we can suggest that any increase in fat intake would be partially countered for with
an active lifestyle. Thus, although that reduction in energy intake seems essential for
the loss of weight or prevention, a healthy metabolic status conferred by an active
lifestyle is of an importance even in face of an increased energy intake. Also, the
benefits for health of a physically active lifestyle are well documented. In addition
to orthopedic complications that are directly attributable to both the amount of
physical activity and body mass, and a small proportion of people whose sensitivity
to insulin or aerobic capacity do not improve in response to aerobic exercise,
physical training has virtually no disadvantages (Teran-Garcia et al, 2005). While
most known effects of regular exercise are the control of body weight or, more
simply, energy expenditure, it is not necessary for overweight people to reduce the
mass of adipose tissue to improve their metabolic homeostasis (Bruce er al, 2004;
Troy et al, 2008). Therefore, individuals may benefit from regular exercise through
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in several adaptations, including: increased oxidative capacity of skeletal muscle,
changes in intracellular proteins and lipids involved in cell signalling and
cardiovascular adaptations improving insulin sensitivity of muscles and body in
general and the distribution of substrates. All the above modifications lead to the
prevention of metabolic diseases and obesity (Jennings et al, 1986; Wojtaszewski
and Richter, 2006).

2.5.3. The validity of our model

Our subjects were chosen from general population. We believe that
choosing normal active subjects for detraining and sedentary lean subjects for
training is representative of the habitual physical pattern accruing in life generally.
In this line, although extreme physical inactivity models seems tempting to
investigate the effect of reduction of both NEAEE and exercise, however this might
induce differential effects such as muscle atrophy which is not observed in sedentary
individuals. Moreover, to investigate the effect of training, choosing the current
guidelines of physical activity is representative to the overall physical activity level
of individuals without the interference of high oxidative capacities occurring when
high active individuals train such as athletes. Therefore, studies like ours with
moderate levels of inactivity/activity are more representative of habitual patterns,
and any derived results can be extrapolated to overall recommendations and clinical
implications in general populations. Thus we believe that future studies of a longer
term for both moderate inactivity and activity models, with modulation in NEAEE
would reveal the effect of physical activity and are adequately representative than
extreme conditions such as extreme physical activity model or highly trained
athletes who might exhibit high oxidative capacity and VO: max uncommon to
general population characteristics.

Nevertheless, if we take in consideration the specific alterations and
consequences of extreme physical inactivity and activity studies such as muscle
atrophy or hypertrophy respectively, these studies would reveal the minimal and
the optimal level of physical activity to meet metabolic changes and consequently
health benefits.
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3. PHYSICAL ACTIVITY MODULATION:
MECHANISTIC PATTERNS

While modulation in physical activity level induces differential modification in
energy balance as discussed above, we have also observed differential mechanistic
patterns between an increase and a decrease in activity energy expenditure.

3.1. Physical inactivity versus physical activity

3.1.1.  Physical inactivity versus physical activity: an inverse
mirror of physical activity or a distinct metabolic feature?

Hamilton et al (Hamilton et al, 2007) highlighted the potential differences
between the exercise physiology and the physical inactivity physiology by
suggesting that inactivity initiated unique cellular processes that were qualitatively
different from the exercise responses. Indeed, recent studies differentiate between
the potentially unique molecular, physiologic and clinical effect of too much sitting
(inactivity physiology) separate from the responses caused by structured exercise
(exercise physiology). In theory, this may be in part because non exercise activity
thermogenesis is generally a much greater component of total energy expenditure
than exercise or because any type of brief, yet frequent, muscular contraction
throughout the day maybe necessary to short-circuit unhealthy molecular signals
causing metabolic diseases. A translational evidence for a molecular reason to
maintain adequate levels of daily and frequent low-density activity came from the
cellular regulation of skeletal muscle lipoprotein lipase, which is important for
controlling plasma triglyceride catabolism (Goldberg et al, 1988; Herd et al, 2001,
Bey and Hamilton, 2003), HDL cholesterol (Bey and Hamilton, 2003) and other
metabolic risk factors (Komurcu-Bayrak er al, 2007; Saiki et a/, 2007). Indeed, LPL
regulation was more affected by voluntary reducing normal spontaneous standing
and ambulatory time than adding vigorous exercise training (Seip et a/, 1997) on top
of the normal level of non exercise activity (Hamilton et a/, 2007).

3.1.2. Differential mechanistic patterns of  physical
activity/inactivity effect through mRNA gene expressions

Our results show differential gene expression adaptation to modulation of
physical activity level. We found higher expression of FAT/CD36, CPT-1, PGC-1a,
SPTLC and DES1 gene expressions after chronic training. Detraining decreased
significantly the expression of PRKAA2, mtGPAT and SREBP1 in the skeletal
muscle.
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- Training effect

Although no marked changes in total fat oxidation was found in both lean
and overweight trained groups, training increased gene expressions of several
enzymes implicated in fat metabolism and transport. This suggests that on a longer
term, potential improvement in lipid oxidation might occur with training. Training
increased FAT/CD36, CPT-1, PGC-1a, SPTLC and DES1 gene expressions. Other
studies have shown that exercise enhances the gene expression of proteins involved
in fat oxidative pathways (Tunstall er a/, 2002). Indeed, endurance exercise training
is known to increase the protein expression and activity of factors associated with
mitochondria and B oxidation (Holloszy, 1967; Coyle et al, 1985) such as PGC-1a,
PPAR- in muscle. PGCla is a co-activator involved in adaptive thermogenesis and
fatty-acid oxidation (Meirhaeghe er al, 2003). Thus, we might suggest that the
increase in PGCla might have led, partly to the increase in exogenous lipid
oxidation in lean subjects and fasting fat oxidation in overweight subjects through a
direct role in lipid oxidation in the mitochondria. This was facilitated by the
increased availibity of fatty acid through transport into the cell and subsequently
into the mitochondria through enhacement of gene expression of fatty acid
transporters CD36 and CPT-1. CD36 has a major role in fatty acid transport across
plasma membranes in muscle (Kiens, 2006) and CPT-1 acts as a shuttle transport of
fatty acids into the mitochondria. Other studies indicate that exercise training alters
the localization of FAT/CD36 and increases its association with CP-1, which may
help augment fat oxidation (Schenk and Horowitz, 2006). Similarly, other studies
found that endurance training in obese individuals improved CPT-1 activity and
reduced sensitivity of CPT-1 for malonyl-CoA (Bruce er al, 2006). Additionally,
DES-1 and SPTLC2 were increased in lean group while SPTLC1 gene expression
increased in the overweight group. DES1, SPTLC1 and SPTLC2 are responsible of
the synthesis of ceramide, an intracellular signalling molecule.

However, studies have related ceramide concentration to insulin resistance
and found that total ceramide content of skeletal muscle decreased in conjunction
with enhanced insulin sensitivity in obese individuals after a short-term training
program (Bruce et al, 2006). On the other hand and in the line of our results, Helge
et al. (Helge et al, 2004) reported no difference in the ceramide content of muscle
from trained and untrained individuals and found that prolonged exercise elevated
the content of ceramide fatty acids both in trained and untrained men. Ceramide as
a second messenger in regulation of different cell functions, could influence muscle
cell adaptation to exercise (Helge et al, 2004). Moreover, we can speculate that since
transport of fatty acid into the cell and mitochondria is enhanced through CD36 and
CPT-1 gene expression found in both groups, fatty acid availability is increased and
exceeds further rate of oxidation improvement requiring longer period, thus fatty
acids intermediates such as ceramide can accumulate within the cytosol. Gene
expression improvement shown during two months is prior to future potential
improvement in fatty acid which may occur later. The main genes affected were
those regulating transport into the cell and mitochondria and genes responsible of
ceramide synthesis. Consequently, the reduction in oleate and palmitate
concentrations in NEFA fractions we found might be attributed to the improvement
in transport enzymes inducing an enhanced clearance of exogenous fatty acid into
the cell and further into mitochondria to be oxidised.

Altogether, our results show that moderate endurance training increased
the expression of genes involved in fat metbolism, specifically, mitochondrial
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biogenesis, transcriptional regulation, cytosolic and mitochondrial fatty acid
transport and -oxydation.

- Detraining effect

On the other hand, detraining did not induce significant changes in CD36,
CPT-1 nor in PGCl-a mRNA gene expressions. However, it decreased genes
responsible in IMTG formation and the activity of AMPK. Contrary to training, we
found that PRKAA2, SREBP1 and mGPAT genes expressions were lower in the
skeletal muscle of detrained subjects which might have led to a higher fatty acid
turnover (Holloway er al, 2009a; Holloway er al, 2009b). The lower expression of
catalytic subunit (PRKAA2) of AMPK as it was detected in other studies in
detrained skeletal muscle would influence the reduction of dietary fatty acid
oxidation (McGee et al,, 2003). AMPK was proposed to regulate the translocation of
FAT/CD36 notably during muscle contraction and enhance fatty acid oxidation
(Dzamko et al, 2008). SREBP1 is responsible for sterol syntheses and recently have
been advocated a role in the formation of IMTG in highly active athletes (Nadeau er
al, 2006). mtGPAT is present on mitochondria outer membrane and also
participates in IMTG production and reduces accumulation of fatty acid metabolites
within the skeletal muscle (Schenk and Horowitz, 2007). On the other hand, other
studies found that endurance training increased the expression of SREBP-1 and
mtGPAT (Kelley, 2002) and thus it is possible that detraining might have an
opposite effect which was confirmed by our results. However, we did not observe
significant changes in SREBP-1 and mtGPAT in our trained subjects. Moreover, the
low expression of SREBP-1 found in the skeletal muscle of the detrained group
might also reflect lower insulin sensitivity as a study by Guillet-Deniau et al.
proposed that SREBP-1c expression can mimic the effect of insulin on lipogenic
enzyme expression (Guillet-Deniau et al, 2002). In accordance, insulin
concentrations were increased after detraining, suggesting a decrease in insulin
sensitivity. These results are more interesting when looking at the potential
relationship of IMTG and insulin resistance.

In conclusion, detraning decreased the expression of genes involved in the
synthesis of intramuscular lipid and oxidative and transport capacity as reglulated by
AMPK.
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Figure 7: Effect of the physical activity level on lipid biosynthesis and oxidation in muscle cell via
regulation of gene expressions, and the consequences on insulin responsiveness and body composition
changes, independently of energy balance.

DES1, dihydroceramide desaturase; SPT, serine palmitoyl transferase; mtGPAT, mitochondrial
glycerol-3-phosphate transferase; SREBP1, sterol regulatory element-binding protein 1; PGCl-a,
peroxisome proliferator-activated receptor gamma coactivator 1-alpha; CD36, cluster of differentiation
36; CPT1, carnitine palmitoyl transferasel, PRKAA2, 5'-AMP-activated protein kinase catalytic
subunit alpha-2; AMPK, 5' AMP-activated protein kinase, DAG, diacylglycerol; TAG, triacylglycerol;
ns, non significant effect.
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Figure 6: Dietary fatty acids (FA) trafficking based on in vivo studies in relation with
mRNA gene expression of enzymes involved in lipid trafficking and metabolism and
modulation of physical activity level. The mRNA gene expressions that are
decreased by detraining are highlighted in blue colour followed by (-). The mRNA
gene expressions that are increased by physical activity are highlighted in red colour
followed by a (+). After digestion and assimilation, dietary fatty acids FA are
packaged into chylomicrons (CM), through the intestinal microsomal
triacylglyceride transfer protein (MTP). The CM are hydrolyzed by lipoprotein
lipase (LPL). The resultant non esterified fatty acids (NEFA) are then taken up by
peripheral tissues via the fatty acid transporters. In the muscle, this process involves
transport across the muscle endothelium, transport in the interstitial space as well as
transport across cell membranes. There several fatty acid transport proteins
including plasma membrane fatty-acid binding protein (FABPewm), fatty acid
translocase (FAT) and fatty-acid transporter protein (FATP). FAT/CD36 (CD36)
present at the membrane cell and at the membrane of mitochondria increased after
training enhancing fatty acid transport. Inside the muscle cell, several proteins
(cytoplamic fatty —acid binding proteins (FABPc) are involved in trafficking NEFA
to cytoplasmic lipid droplets for storage as intramuscular triacylglycerol (TAG) and
diacylglycerol (DAG), a process regulated by Glycerol-3-phosphate acyltransferase
of mitochondrial membrane (mtGPAT) which was reduced with in the detrained
group, or as sterols regulated by SREBP1 which was also decreased with detraining.
NEFA can also be stored as ceramide regulated by dihydroceramide desaturase
(DES1) and serine palmitoyl transferase (SPT) genes; DES1 and SPTLC gene
expressions were both increased with training. However, in the inner mitochondrial
membrane, the NEFA, activated by acyl-CoAsynthtase to fatty acyl-CoA, necessitate
the carnitine shuttles: carnitine palmitoyl transferasel (CPT1) and carnitine
palmitoyl transferase2 (CPT2). This transport was enhanced by physical activity.
Then, they enter the B-oxidation and TCA to be oxidised. (PRKAA2), 5'-AMP-
activated protein kinase catalytic subunit alpha-2 of (AMPK), 5' AMP-activated
protein kinase, affects simultaneously other gene expressions and it is reduced by
detraining while (PGCl-a), peroxisome proliferator-activated receptor gamma
coactivator 1-alpha, which has a role in mitochondrial biogenesis is increased with
training.

VLDL, very low density lipoprotein; HDL, high density lipoprotein, HSL, hormone
sensitive lipase; ATP, adenosine triphosphate; AMP, adenosine monophosphate,
cAMP, cyclic adenosine monophosphate; 2-MAG, 2-monoacylglycerol; MGL,
monoacylglycerol lipase.

201



3.1.3. IMTG and insulin resistance

The result we found of the decrease in mGPAT and SREBP1 is interesting
when looking at the high level of IMTG observed in the athletes in the literature
(Russell, 2004), for it suggests eventually a future decrease in IMTG when
detraining. We also found a parallele increase in insulin concentration suggesting
reduction in insulin sensitivity. The potential lipotoxic effect of intramyocellular
triglyceride (IMTG) accumulation has been suggested to be a major component in
the developpement of insulin resistance. The accumulation of intramuscular
triglycerides IMTG in sedentary individuals is associated with reduced sensitivity to
insulin, whereas among athletes, it is rather related to the availability of energy
storage and increased insulin sensitivity, which is called the "paradox of athletes."
Increased levels of IMTGs correlate with insulin resistance in both obese and
diabetic patients, but this relationship does not exist in endurance trained subjects
(Russell, 2004). This may be, in part, related to differences in the gene expression
and activities of key enzymes involved in fatty acid transport and oxidation as well
as in the peroxidation status of IMTGs in obese/diabetic as compared with trained
individuals. In fact, the degree to which elevated fatty acid availability contributes
to an increase in ectopic storage of fatty acids in muscle and if that storage could
lead to insulin resistance, depends on the quality of the handling of fatty acids in
muscle skeletal.

However, when comparing the divergent conditions of obesity and trained
subjects, an apparent consistency exists in the relationship between IMTG and
insulin sensitivity. It has been suggested by Goodpaster er al (Goodpaster et al,
2001) that this should not be seen as a contradiction, but more as an indication that
the relationship between IMTG and insulin resistance is associated with the fatty
acid oxidative capacity of the muscle. This suggests that IMTG may not directly
affect insulin resistance but instead provide a source for other toxic lipid
metabolites. Indeed, as athletes are clearly sensitive to insulin, despite a high
content of IMTG (Thamer et al, 2003), it was suggested that the balance between
mobilization and oxidation of IMTG-derived fatty acids is a major factor that
reduces lipid intermediates and dissociates IMTG storage of muscle insulin
resistance (van Loon, 2004). This proposal was supported by a strong increase in the
activity of DAG acyltransferase of diacylglycerols in skeletal muscle during exercise,
which converts DAG into TAG triacylglycerols. Consequently, transport of fatty
acids to storage reduced the levels of DAG and ceramides, increased levels of IMTG
and prevented the insulin resistance induced by lipids (Liu er a/, 2007; Schenk and
Horowitz, 2007).

However, further evidence suggests a strong relationship between fatty acid
induced insulin resistance in human skeletal muscle and alterations in the DAG
signalling pathways but not ceramide (Russell, 2004). The finding that ceramide
might not be linked to insulin resistance might explain the increase in DES1 and
SPTLC1 mRNA gene expressions we found after training, when considering that
training ameliorated insulin sensitivity in our overweight subjects. Thus, the
accumulation of IMTG in muscle is an important risk marker of insulin sensitivity,
via lipid intermediates that interfere with insulin signalling. In addition, it is
possible that when the accumulation of IMTG is established and lipid intermediates
accumulate, they can interfere with the detection and selection of substrate. In
situations where demand for energy does not dispute the oxidative capacity of
skeletal muscle to fatty acids, the dynamics of lipid oxidation (metabolic flexibility)
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with fatty acid uptake and storage in IMTG may be very important to limit the
accumulation of lipid intermediates. Thus, the greater IMTG storage in the trained
athlete represents an adaptive response to endurance training, allowing a greater
contribution of the IMTG pool as a substrate source during exercise. In contrast,
elevated IMTG stores in the obese and/or type 2 diabetes patient seem to be
secondary to a structural imbalance between plasma free fatty acid availability, fatty
acid (FA) storage and oxidation. Therefore, the reported correlation between IMTG
content and insulin resistance does not represent a functional relationship, as it is
strongly influenced by training status and/or habitual physical activity (van Loon
and Goodpaster, 2006).

In conclusion, gene expressions are differentially modified by modulation of
physical activity level, reinforcing the idea that physical inactivity patterns are not
merely inverse mirror of physical activity.

3.1.4. Gene expressions in overweight subjects

Interestingly, looking at values of several gene expression, while CD36
ranged in the same order between lean and overweight subjects, other gene
expressions such as CPT-1 and ACC enzymes responsible for fat oxidation, were
divided by two fold or more in overweight subjects. ACC catalyses the
carboxylation of acetyl-CoA to form malonyl-CoA, an intermediate that inhibits
CPT-1. CPT-1 catalyses the rate limiting step in the transfer of fatty acyl-CoA into
mitochondria, where they undergo oxidation (Kiens, 2006). Some studies have
shown a reduced activity of CPT1 in muscle of obese and insulin resistant (Kelley et
al, 1999). This suggests that fat uptake facilitated by CD36 is similar (Kelley er al,
1999) between lean and overweight subjects, and reduction in fat oxidation is more
related to the reduction in fat oxidation enzymes than uptake (Russell, 2004). In
other words, fatty acid oxidation is limited by factors inside the muscle cell, rather
than by limitations in transmembrane transport (Kiens, 2006). However, a
comparison of lean and obese rat muscles revealed that fatty acid transport,
esterification, and oxidation are upregulated in muscles of obese Zucker rats
(Holloway er al, 2009a). In addition, it was shown recently, that mitochondrial
content, rather than mitochondrial capacity is responsible for the reductions in fat
oxidation in obesity (Holloway et al, 2009b). In Chapter 4, we propose a novel
mechanistic pattern to explain the impaired metabolic capacities observed in
overweight subjects.
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3.2. A novel mechanistic pattern: reduction in TCA cycle to explain
impaired fatty acid oxidation

Chapter 4 explicits an interesting finding of the present work explaining a
possible mechanistic pattern for the reduction in oxidative capacity in overweight
subjects.

The acetate recovery factor (ARF) was proposed to correct tracer derived
(13C)-fat oxidation for the loss of label to sequestration within the bicarbonate pool
and small metabolites that exchange with the tricarboxylic acid cycle intermediates
(TCA cycle) (Sidossis er al, 1995a, 1995b, Pouteau er al, 1998). ARF can be
considered as representative of TCA flux. Indeed, acetate is immediately converted
into acetyl coenzyme A (acetyl-CoA), and it is assumed that almost 100% of the
labelled [**C] acetyl-CoA will enter the TCA cycle (Mion er a/, 1964). Under normal
resting conditions, only a fraction of the infused [!3*C]acetate is recovered as *COz2 in
breath, indicating that part of the 13C label is lost in the TCA cycle i.e. formation of
glutamate and glutamine and in lower quantity in phosphoenopyruvate(PEP), and
eventually glucose and lactate, in exchange for an unlabeled oxaloacetate (OAA)
from gluconeogenic precursors (Sidossis et al, 1995b), or buffered within the
bicarbonate pool.

Thus, the extent of underestimation of the true rate of oxidation depends on
the rate of the TCA cycle in relation to the rate of exchange reactions (Sidossis et aZ,
1995b) and the dilution in the bicarbonate pool. In our study, we compiled data
from five distinct studies, in which we measured the exogenous [1-3C]ARF, and we
found an average dARF of 45.3 + 1.5% in overweight subjects that was significantly
lower than the 50.6 + 0.6% observed in lean subjects.

The reduction in dARF in overweight subjects is likely due to enhanced
metabolic pathways where the labelled carbon can be lost due to either a greater
dispersion into the bicarbonate pool or lost via isotopic exchange reactions in the
TCA cycle. The flux of the TCA cycle was shown to be influenced by metabolic
disorders due to obesity and diabetes (Schrauwen et al, 2000; Schrauwen and
Hesselink, 2008). Schrauwen et al (Schrauwen and Hesselink, 2008) hypothesized
that a reduced TCA flux occurs in type 2 diabetes mellitus. Further, when skeletal
muscle mitochondrial TCA activity was accelerated during exercise, iARF was found
to be the highest in lean healthy individuals (Schrauwen et al, 2000), followed by
obese than type 2 diabetic patients (Mensink er al, 2001).

At rest, Blaak er al (Blaak er al, 2000b) found that iARF was significantly
lower in obese type 2 diabetic muscle compared to obese healthy controls muscle.
Furthermore, the $-adrenergic infusion stimulation-induced increase in iARF was
significantly blunted in obese type 2 diabetes. In addition, Koves er al (Koves et al,
2008) found a mismatch between the rate of f-oxidation showed by increased levels
of acyl-carnitines (B-oxidation intermediates) (Koves et al, 2008) and the rate of

TCA explaining the incomplete oxidation in obese and diabetic myotubes (Gaster,
2009a).
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Recently, using ®C magnetic resonance, Befroy er al (Befroy er al, 2007)
assessed rates of substrates oxidation in muscle between lean insulin-resistant
offspring of type 2 diabetic patients (n=7) and insulin sensitive control subjects
(n=12) by monitoring the incorporation of *C label into Cs glutamate during [2-
13Clacetate infusion. They found that rates of muscle mitochondrial substrate
oxidation were decreased in lean, insulin-resistant offspring subjects. Taking these
results together and the lower dARF we found in our overweight insulin resistant
subjects, we can extend the hypothesis of Schrauwen et al (Schrauwen and
Hesselink, 2008) for reduction in TCA flux in type 2 diabetes mellitus to a reduction
in TCA flux in overweight insulin-resistant subjects, leading to reduction in lipid
metabolism.
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3.3.  Exercise mimicking effect molecules

Our results show a positive effect on genes involved in lipid metabolism.
Thus, it would be beneficial for public health to further investigate such molecular
variations in order to reproduce them pharmacologically. Through evolution,
populations have been genetically programmed to reduce energy expenditure and in
the modern world this aspect induced a largely sedentary population (thrifty gene
theory: as discussed previously pl166). Combined with an energy-rich intake, the
result has been an exponential increase in obesity and chronic disease. Although
public efforts and initiatives to increase physical activity, participation and
adherence rates are low, particularly once obesity and chronic disease are
established (Goodyear, 2008; Wing, 1999). These issues point out the need for
alternative approaches to decrease the rate obesity and minimize its consequences,
while keeping a focus on the molecular targets linked to the beneficial effects of
exercise.

Chronic and regular exercise is well known for its beneficial effects and a
better knowledge of the molecular mechanisms leading to these health promoting
effects is a good basis for initiating new therapeutic targets to fight metabolic and
vascular disease. The investigation of metabolic pathways responsive to exercise in
various tissues, and in particular skeletal muscle, gave the idea of the promising
concept of exercise mimetic drugs. Indeed, the ability to pharmacologically enhance
muscular strength is an essential pursuit for many disease states, including metabolic
diseases such as type 2 diabetes, and the recent research for ‘exercise mimetic’ drugs
for the treatment of obesity-related metabolic disease has mostly revolved around
the endurance exercise capacity in parallele with increasing of energy expenditure
and metabolic homeostasis. From an obesity perspective, a pivotal aim would be a
development of components that enhance energy expenditure while concomitantly
decreasing body fat and increasing metabolic homeostasis.

3.3.1. Potential exercise-related targets

We showed that exercise increase the expression of several genes:
FAT/CD36, PGC-1a and CPT1, both in lean and overweight individuals, and thus, it
would be beneficial to reproduce pharmacologically such beneficial modifications in
these specific genes. Similarly, other studies have shown a positive effect of acute
exercise training in modulating the actions, in skeletal muscle, of enzymes,
transcription factors, transporters and chaperones thought to control the long-term
adaptive responses to chronic training and include: 5'AMP-activated protein kinase
(AMPK) (Richter and Ruderman, 2009), p38-mitogen-activated protein kinase
(MAPK) (Goodyear et al, 1996), heat shock proteins (Hernando and Manso, 1997;
Walsh er al, 2001), peroxisome proliferator-activated receptor (PPAR)-y
coactivator-loe (PGC-1a) (Goto er al, 2000, Baar er al, 2002), nuclear factor kB
(Kramer et al, 2007), GLUT4 (Rodnick et al, 1992), fatty acid translocase/CD36
(Bonen er al, 1999), calcium/calmodulin-dependent protein kinase II (CAMK)
(Fluck er al,, 2000; Rose et al, 2007), certain protein kinase C isoforms (Rockl ez al,
2008; Rose er al, 2004), c-Jun N-terminal kinase (Goodyear er al, 1996) and
myokines (e.g. IL-6) (Pedersen and Febbraio, 2008).
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In general, these adaptations to physical activity have been related with
health benefits. Importantly, for some of these factors, e.g. AMPK (Hayashi et al,
1998; Bergeron er al, 2001a; Jorgensen er al, 2005; Jorgensen et al, 2007), heat
shock protein 72 (Chung er al, 2008), GLUT4 (Rodnick er al, 1992), PGC-1ax
(Handschin et al, 2007), protein kinase C-A (Farese et a/, 2007; Rockl et al, 2008)
and calcium signalling (Chin, 2005), transgenic, knockout and/or pharmacological
activation studies in experimental animals have concluded that manipulation of the
relevant pathways in a pattern mimicking exercise may result in beneficial
metabolic responses.

In some examples, interestingly, the opposite is true: mouse lines in which
signalling through c-Jun N-terminal kinase (Hirosumi et a/, 2002) and nuclear
factor xB (Kim er al, 2001) modified clearly indicated that a reduction in activity
improved insulin resistance, in contrast to the majority of data available, which, as
reviewed (Kramer and Goodyear, 2007), suggest that acute exercise activates these
pathways. It is likely that such discordance arises from the fact that these processes
do not accurately model the episodic nature of exercise. This highlights an
important consideration with respect to mimicking the effects of exercise, namely
that, in some instances, the level of activity of factors during rest periods in the
trained state should be mimicked, rather than the activity of these same factors
during an acute exercise bout. This highlights the complexity of metabolic
homeostasis and the need for comprehensive characterisation of exercise signalling
pathways and their manipulation.

A number of approaches have been used recently to modulate the activity
of certain molecules linked to exercise-related signalling processes. Promising
results have been shown with respect to their ability to improve both exercise
capacity and metabolic health. These target molecules are discussed below, in the
light of our results.

PPARS

We did not find any effect of physical activity training or detraining in
PPARS gene expression. PPARS is present in rodent and human skeletal muscle,
and has a role in muscle fatty acid and glucose oxidation, as well as oxidative gene
expression (Muoio et al, 2002; Kramer et al, 2007). Ppard overexpression has been
advocated in the prevention of obesity (Wang er al, 2003). Moreover, it has been
shown in mice, that when Ppar§ is overexpressed in skeletal muscle, it results in a
transition towards increased type 1 (oxidative) muscle fibres and enhanced
endurance exercise capacity (Wang et al, 2004). Narkar er al (Narkar et al., 2008)
treated mice with a specific PPARS agonist (GW1516) for 4 weeks and found that
while the PPARS agonist increased the expression of multiple skeletal muscle genes
putatively responsible for increasing endurance exercise capacity, however, it failed
to increase the proportion of type 1 muscle fibres, and the exercise capacity. When
combined with exercise, GW1516 treatment enhanced the effect of the endurance
exercise capacity in parallel with a transition to oxidative fibres greater than what
was shown with exercise training alone (Narkar er al, 2008). Thus, it is not clear
whether the exercise activates a different signalling cascade interacting with PPARS
stimulation in response to training. While obese persons poorly adhere to exercise
training programmes, this approach is thus limited, but could accelerate the adaptive
response to training if used clinically in conjunction with an exercise programme.
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AMPK

We found a lower expression of the muscle-specific catalytic subunit
(PRKAA2) of AMPK in detrained skeletal muscle, after one month of detraining.
AMPX is central to regulation of cellular metabolism and is activated when the
energy charge of the cell is low, e.g. during energy deprivation and exercise
(Steinberg and Jorgensen, 2007). AMPK has also a role in regulation of exercise
metabolism, including modulation of fibre type shift, gene expression and
adaptation to training (Richter and Ruderman, 2009). An activator of AMPK, 5-
aminoimidazole-4-carboxamide-1-B-D-ribofuranoside (AICAR; also known as Z-
riboside or AICA riboside), has a potential role of increasing exercise capacity in
mice (Narkar er al, 2008) in the absence of exercise training. This study also
provided evidence to suggest interaction between the AMPK and PPARS pathways.
Narkar et al. (Narkar et al, 2008) have validated the hypothesis that chronic AMPK
activation can copy some of the endurance-enhancing effects of exercise training
and, importantly, that it is possible to pharmacologically enhance endurance and
muscle oxidative capacity without the need for a simultaneous training programme.
Although chronic AICAR treatment of obese rats did not reduce bodyweight and
obesity, however it was associated with increased skeletal muscle insulin-sensitivity
and prevention of obesity-related complications, thus validating its efficacy (Buhl et
al,, 2002). Clinically, a part from its exercise mimicking effect, AICAR has clinically
beneficial effect. As an example, an acute (2 h) intravenous infusion of AICAR in
patients with type 2 diabetes resulted in favourable modulation of plasma glucose
and NEFA concentrations (Boon er al, 2008). A medicinal chemistry approach is
therefore warranted, in the context of developing suitable compounds for trials of
this potential application.

SIRT1

Resveratrol which is a naturally derived polyphenolic compound, found
most commonly in the skin of certain grape varieties and in red wine, has a role in
protecting mammals from cardio-vascular complications and it is known for its life-
extending properties in lower organisms (Baur and Sinclair, 2006). The mammalian
homologue SIRT1 was identified as putative primary target for resveratrol.
Moreover, resveratrol also induces AMPK activation (Hou er al, 2008). After
3months treatment with resveratrol, Lagouge er al. (Lagouge er al, 2006) found an
enhanced exercise capacity, and a prevention of protected obesity in mice.
Preliminary results in our laboratory showed that this molecule prevent the loss of
mass and strength in tail-suspended rat model simulating weightlessness (Momken,
personal communication). Lan ez a/ (Lan et al., 2008) established strong molecular
links between SIRT1, AMPK, PGC-la and PPARS. SIRT1-activating compounds
target multiple tissues (Lagouge et al, 2006; Feige et al, 2008), raising the possibility
that such agents have the potential to mimic multiple beneficial aspects of the
training response rather than inducing a muscle-specific target.

PGC-1a

We have shown that two months training increases the gene expression of
PGC-la both in lean and overweight subjects. The potential role of PGC-la
activation as a molecular target for metabolic diseases has been emphasized, because
it is integrated in coordinating the downstream signals from some beneficial effects
of several factors such AMPK and PPAR. Moreover, PGC-1a is present in skeletal
muscle of humans, and is highly inducible by exercise (Pilegaard er al, 2003; Mathai
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et al, 2008). Polymorphisms in this gene have been identified and correlate,
independently (Fanelli er al, 2005) or with junction with PPARS (Andrulionyte et
al, 2006; Stefan er al, 2007) with insulin resistance, obesity and the capacity of
adaptation to exercise. Recently, Handschin et a/ (Handschin and Spiegelman, 2008)
have highlighted PGC-1a as a potential pharmaceutical target.

A reduced energy intake and elevated energy expenditure through physical
activity remain the most effective approach to fight the current obesity epidemic on
a society level. An interest in encouraging active life style habits and maintaining
them through the adult life is essential. However, a specific category of individuals
such as subjects with morbidly obesity, do not have the ability to engage into
exercise and will require another approach to produce beneficial health effect. An
understanding of the signalling pathways activated by exercise in metabolically
relevant tissue has already proven its efficacy and thus opens a new possibility of
drug targets to fight obesity. While no single agent will ever mimic the broad range
of exercise-related health benefits (Goodyear, 2008; Richter ez a/, 2008, Church and
Blair, 2009; Hawley and Holloszy, 2009), it is of a particular interest in targeting
specific aspects of the exercise response. This domain has only been recently
investigated in clinical development. Although several targets have been
determined, difficulties yield in identifying the complexity of mimicking the overall
exercise effect and to develop it pharmacologically.
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4. CONCLUSION & PERSPECTIVES

Physical inactivity, regardless of measurable effects on energy
balance, decreases total and exogenous fat oxidation, and has a lowering effect on
insulin sensitivity. The reduction in total and exogenous fat oxidation is probably
due in part to decreased plasma clearance of exogenous fatty acids and a decreased
expression of enzymes involved in regulating lipid metabolism. Such effects were
reversed with exercise at the current recommendations, however not to a similar
extent, suggesting that there was no main effect of current recommendations on
lipid metabolism. It seems that only a physical training that increases significantly
energy expenditure is capable of counterbalancing the effects of physical inactivity
on the distribution of dietary lipids and the involved cellular mechanisms. This
conclusion is reinforced by the observation that physical activity level is closely
related to exogenous fatty acid oxidation in lean subjects. Thus, while inactivity
reduces the oxidation of saturated fatty acids (palmitate) and that of
monounsaturated fatty acids (oleate), physical activity, in return improves the
oxidation of oleic acid in lean subjects, when energy expenditure is maintained at a
sufficient level. Since oleic and palmitic acids appear to have similar absorption,
transport and uptake into peripheral tissues, the saturated fatty acids are more
oriented toward storage in muscle and adipose tissue, except when sufficient
expenditure energy, and mono-unsaturated acids are more directed to be oxidized.

In conclusion, our results show that habitual physical activity level, regardless
of quantifiable effects on the energy balance, predicts the oxidation of exogenous
lipids and that physical activity level differentially affect the direction of exogenous
lipid in favour of oxidation. While data demonstrating a causal role of physical
activity in the pathophysiology of obesity are unambiguous, our results provide key
data in the current debate about the role of physical activity in the treatment of
obesity and metabolic disorders associated with physical inactivity, demonstrating a
positive relationship between the amount of energy expended during activities and
fate of dietary lipids. This suggests that research efforts on the types of physical
activities to promote in different populations are imperative in the context of
treatment and prevention. Given the contrasting effects of so-called spontaneous
activities versus structured, it seems essential that these studies take into account
the socio-ecological risks to which populations evolve. Indeed, it will take much
more integrated and international approach to have significant impact on the
obesity problem. We must accept that obesity is not just a disease, but a symptom of
a much larger global problem- the effect on human health of environment and
lifestyle changes. It may not be too late to develop highly integrated policies for
education and intervention. Sedentarism and its dramatic consequences, is likely to
remain a huge threat to public health in the years to come. In the absence of
effective interventions to promote physical activity at all types through exercise and
non exercise physical activity, and with reduction of compensatory behaviours to
the energy expenditure due to physical activity, the frequency of obesity is likely to
escalate worldwide, with the main impact being seen in the population at risk. Thus,
prevention of sedentarism and its complications should be essential component of
future public health strategies for all nations. An urgent priority is the establishment
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of a multidisciplinary international task force representing all parties that can help
reverse the underlying socioeconomic causes of the problem and address the issues
that have led to the obesity epidemic.
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ANNEXE 1

1. L’OBESITE HUMAINE

1.1.  L’obésité : une maladie chronique et évolutive

Le mot obésité vient du latin «obesitas», qui signifie la graisse. « Esus » est le
participe passé du verbe edere (a manger), avec « ob » qui signifie plus ou encore
(Harper, 2008). Le dictionnaire anglais d’'Oxford a documenté sa premiere utilisation
en 1611 par Randle Cotgrave dans le dictionnaire des langues francaise et anglaise.
En 1997, lorganisation mondiale de la santé (OMS) a défini 'obésité comme une
maladie. L’obésité témoigne de lincapacité du systéme réglant les réserves
énergétiques a faire face aux évolutions des modes de vie (Basdevant A, 2004;
Friedman, 2004). C’est une maladie chronique évolutive liée a 'environnement et
aboutissant a une pathologie d’organe. Maladie, car l'inflation de masse grasse
entraine des conséquences sur le bien-étre physique, psychologique et social (WHO,
1997). Chronique, car, pour entrainer des conséquences pathologiques, cette
situation d’exces de poids doit étre durable. Evolutive, car on peut identifier
plusieurs phases successives (Basdevant A, 2004). L'obésité devient une pathologie
d’organe liée au dysfonctionnement d'une structure complexe, le tissu adipeux
(Clement er al, 2004). A un certain stade, la réversibilité de la maladie est mise en
cause par des mécanismes biologiques et par la persistance de la pression
environnementale.

1.2. Quand est-on obése ?

L'obésité est une maladie dans laquelle I'hypertrophie de la masse adipeuse
se traduit par un excés de poids et présente un effet néfaste sur la santé. Elle est
définie par l'indice de masse corporelle (IMC) et s’évalue ultérieurement en termes
de répartition des graisses par l'intermédiaire du rapport tour de taille/tour de
hanches et par la détermination des facteurs de risque cardiovasculaire. L'IMC est
fortement lié a la fois au pourcentage de masse grasse et a la masse grasse totale
(Gray and Fujioka, 1991) .

1.2.1. L’indice de masse corporelle IMC

L'indice de masse corporelle ou IMC est une méthode simple et largement
utilisée pour estimer la masse grasse corporelle (Mei er al, 2002). LIMC a été
développée au 19*me siecle par le statisticien et anthropologue belge Adolphe
Quetelet (Quetelet, (1871)). L'IMC est un reflet représentatif du pourcentage de la
masse grasse dans la majorité de la population adulte. Il est toutefois moins précis
pour certaines personnes telles les femmes enceintes ou les sportifs avec une masse
musculaire importante. Une formule combinant 1'IMC, 1'4ge et le sexe, peut étre
utilisée pour estimer pourcentage de masse grasse d'une personne avec une précision
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de 4%. Pour les adultes, l'indice de masse corporelle est égal a la masse (exprimée
en kilogrammes) divisée par le carré de la taille de la personne(en meétres) :

IMC = masse / (taille en m) 2
Les définitions les plus utilisées pour I'obésité, établies par 'OMS en 1997 et
publiées en 2000, donnent les valeurs affichées dans le tableau.1.

Certaines modifications des
définitions de I'OMS ont été
<185 Sous poids faites par certains sujets. La
littérature chirurgicale divise

IMC Classification

18.5-24.9 Poids normal la classe III de l'obésité en
25.0-29.9 Surpoids d'autres catégories (Uwaifo,
2006).Comme les populations
Obésité classe I asiatiques développent des
30.0-34.9 modérée/commune conséquences négatives sur
) la santé a un IMC plus faible

35.0-39.9 Obésité classe II sévere

que les Caucasiens, certains
pays ont redéfini l'obésité.
Les Japonais ont défini
I'obésité a partir d'un IMC
Tableau .1. supérieur a 25 (Kanazawa et
al,, 2005) tandis que la Chine utilise un IMC supérieur a 28 (Bei-Fan, 2002).

Obésité classe 111
> 40.0 massive/morbide

1.2.2. Tour de taille et rapport tour de taille/tour de hanches: Obésité
abdominale

Un tour de taille (>102 cm pour les hommes et >88 cm pour les femmes) et
un rapport tour de taille /tour de hanches (le tour de taille divisée par celui des
hanches >0.9 pour les hommes et >0.85 pour les femmes) sont tous les deux utilisés
comme mesures de I'obésité abdominale. Pour les personnes ayant un IMC de moins
de 35, la masse grasse corporelle intra-abdominale est liée a des conséquences
négatives sur la santé indépendantes de la masse grasse corporelle totale (U.S, 2000).
La masse grasse intra-abdominale ou graisse viscérale est particulierement en forte
corrélation avec les maladies cardiovasculaires. Dans une étude menée sur 15.000
personnes, le tour de taille avait également une meilleure corrélation avec le
syndrome métabolique que I'IMC (Janssen et a/, 2004). Les femmes avec une obésité
abdominale ont un risque cardiovasculaire similaire a celui des hommes (Larsson et
al, 1992). Chez les personnes avec un IMC de plus de 35, la mesure de tour de la
taille ajoute cependant peu au pouvoir prédictif de 1'IMC puisque la plupart des
individus avec un tel IMC ont des valeurs de tour de taille anormales.

1.2.3. Le pourcentage de masse grasse

Le pourcentage de masse grasse est la masse grasse totale exprimée en
pourcentage de la masse corporelle totale. Il est généralement admis que les hommes
de plus de 25% de masse grasse et les femmes de plus de 33% de masse grasse sont
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obeses (Schwarz). Le pourcentage de masse grasse peut étre estimé a partir d'un IMC
de la personne par la formule suivante :

% de masse grasse = (1,2 * IMC) + (0,23 * 4ge) - 5,4 - (10,8 * sexe)
ot le sexe est de 0 pour les femmes et 1 pour les hommes.

Cette formule prend en compte le fait que le pourcentage de masse grasse est de 10
points en pourcentage plus élevé chez les femmes que chez les hommes pour un
méme IMC. Elle reconnait aussi que le pourcentage de masse grasse augmente avec
l'age, méme si le poids reste constant. Les résultats de cette formule ont une
précision de 4%.

Il existe de nombreuses autres méthodes utilisées pour déterminer le
pourcentage de graisse corporelle. La pesée hydrostatique, 1'une des plus précises
méthodes de calcul de la graisse corporelle, consiste a peser la personne sous 1'eau.
Deux autres méthodes plus simples mais moins précises ont été utilisées
historiquement, mais ne sont plus recommandées actuellement. La premiere
méthode est le test des plis, par laquelle une pincée de la peau est mesurée afin de
déterminer 1'épaisseur de la couche de graisse sous-cutanée (Wells, 2005). La
seconde méthode d'analyse est l'impédancimétrie bioélectrique qui utilise la
résistance électrique. Néanmoins, 'impédancimétrie bioélectrique n'a pas fourni un
avantage par rapport a I'IMC (NICE, 2006). Les techniques de mesure du
pourcentage de masse grasse principalement utilisées pour la recherche incluent la
tomodensitométrie (CT scan), l'imagerie par résonance magnétique (IRM), et
labsorptiométrie a rayons X en double d'énergie (DEXA). Ces techniques
fournissent des mesures trés précises, mais sont difficilement utilisées chez les
personnes sévérement obéses en raison de limites de poids de la plupart des
équipements et l'insuffisance de diametre de nombreux scanneurs de CT ou IRM
(Wells, 2005).

1.3.  Obésité infantile

Chez l'enfant, en raison de la croissance, les valeurs seuils d’indice de masse
corporelle de définition du surpoids et de 'obésité varient en fonction de 'dge et du
sexe de l'enfant. L'obésité chez les enfants et les adolescents est définie par un IMC
au-dela du 95" percentile d’une référence internationale d’'une population donnée .
Les données de référence sur lesquelles les percentiles sont basés sont issues des
années 1963 a 1994 et ne sont donc pas affectées par 'augmentation récente de la
prévalence de l'obésité (Flegal er al, 2001). L'obésité infantile a atteint des
proportions épidémiques au XX? siecle avec 'augmentation de la prévalence a la fois
dans les pays développés et en voie de développement. Le taux de 1'obésité chez les
garcons canadiens a augmenté de 11% en 1980 a plus de 30% dans les années 1990,
alors que pendant cette méme période, le taux est passé de 4 a 14% chez les enfants
brésiliens de (Flynn er al, 2006). Tout comme dans 1'obésité chez les adultes, de
nombreux facteurs contribuent a 'augmentation des taux d'obésité chez les enfants.
Les régimes alimentaires élevés en énergie ou en matiere grasse et la diminution de
I'activité physique sont considérés comme les deux plus importantes causes de
l'augmentation récente de la prévalence de l'obésité. Les auto-activités liées au
transport, 1'éducation physique a 1'école, et les sports organisés ont baissé dans de
nombreux pays. Les traitements utilisés contre l'obésité infantile portent
essentiellement sur des interventions sur le mode de vie et des techniques
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comportementales. Les médicaments ne sont pas approuvé par la FDA pour étre
utilisé dans ce groupe d'age (Flynn et a/, 2006).

1.4. Pourquoil'obésité est-elle considérée comme un probléme ?

Les maladies chroniques découlant de 1'obésité continueront a croitre au
cours des prochaines décennies. Le cofit associé est mesuré non seulement sur le plan
personnel et la santé de la population, mais aussi sur une échelle économique
mondiale. Actuellement, ~ 8% de la population est obese et ™ 25% sont en surpoids,
et on s’attend a ce que les chiffres subissent une hausse supplémentaire de 50% en 10
ans. En outre, dans les régions développées (par exemple 1'Amérique du Nord,
I'Europe de 1'Quest, I’Australie), I'obésité approche déja 25% (James, 2008). Au
Royaume-Uni, les estimations actuelles suggeérent que, en 2050, les cofits associés
aux maladies liées a 1'obésité vont augmenter de > 15% (James, 2008).

1.4.1. Epidémiologie

Durant des milliers d'années, 1'obésité a été rarement vue (Haslam, 2007).

Ce n'est qu'a partir du 20éme siécle que la prévalence de l'obésité a augmenté, si
bien que, en 1997, l'organisation mondiale de la santé (OMS) a officiellement
reconnu 1'obésité comme une épidémie mondiale (Caballero, 2007). A partir de
2005, I'OMS estime que, au moins 400 millions d'adultes (9,8%) sont obeses, avec des
taux plus élevés chez les femmes que chez les hommes. Le taux d'obésité augmente
avec 1'4ge, au moins jusqu'a 50 ou 60 ans (Peter G. Kopelman, 2005). Un temps
considérée comme un probléme des pays développés, 1'obésité est en augmentation
dans le monde entier. Cette augmentation a été ressentie de fagon spectaculaire dans
la plupart des zones urbaines. La seule région du monde ou 1'obésité n'est pas
commune, c'est I'Afrique subsaharienne (Haslam, 2007).
Les statistiques des années 2005-2007 révélent qu’en France, on estime que la moitié
(46.4%) des adultes frangais sont en surpoids, dont 14.5% sont obeses (ObEpi Roche
2009) (figure 1). Ces estimations sont inférieures a celles rapportées pour les adultes
dans les Etats-Unis (31.1% obésité chez les hommes et 32.2% chez les femmes)
(Ogden er al, 2006), le Canada (22.9% chez les hommes et 23.2% chez les femmes)
(Hopman er al, 2007) et 'Angleterre (22.7% chez les hommes et 32.2% chez les
femmes) (Wardle and Boniface, 2008). Cependant, ces estimations pour la
population francaise étaient proches de celles de Norvege (15.5% obésité chez les
hommes et 21.0% chez les femmes) (Droyvold et al, 2006), 'Espagne (56.2% en
surpoids ou obésité chez les hommes et 40.9% chez les femmes) (Rodriguez Artalejo
et al,, 2002) et I'Italie (31.3% en surpoids 8.2% obésité)(Gallus et al, 2006), bien que
les estimations pour I'Espagne et I'Italie basées sur une autoévaluation rapportée
ajent été sous-estimées. Ces données confirment que la France, comme plusieurs de
ses pays voisins d'Europe occidentale, est moins fortement touchée par le surpoids et
I'obésité que le Royaume-Uni et les pays d'Europe de 1'Est (Gallus er al, 2006)
(figure 2, 3).

Au niveau mondial, les données épidémiologiques deviennent
préoccupantes : 'OMS estime a 400 millions le nombre de personnes obeses dans le
monde, soit 7% de la population mondiale, ce chiffre devant atteindre 12% en 2020
si les tendances évolutives actuelles se confirment (Misra and Khurana, 2008). En
France, les études Obepi/Inserm situent la prévalence de l'obésité a 8,7% de la
population en 1997 et a 12,4% en 2006 (Charles er al, 2008). L'obésité est un
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probléme de santé publique et de politique en raison de sa prévalence, les cofits
associés et les effets sur la santé (Satcher, 2001). Les efforts de la santé publique
visent a comprendre et a corriger les facteurs environnementaux responsables de
I'augmentation de la prévalence de I'obésité dans la population. Les solutions visent a
modifier les facteurs qui provoquent l'excés d’apport calorique et la consommation
et inhibent l'activité physique.

1.4.2. Relation de I'obésité avec d’autres maladies

L'obésité est associée a de nombreuses maladies, en particulier les maladies
cardiaques, le diabéte de type 2, des difficultés respiratoires durant le sommeil,
certains types de cancer, et de l'arthrose (Haslam, 2007). Autre constat de santé
publique : obésité s’avere jouer un rble central dans le développement d’'une série
de maladies chroniques, avant le diabéte non insulino-dépendant (80% des diabetes
sont liés a 'obésité) 'hypertension artérielle et des maladies cardiovasculaires mais
aussi certains cancers et des maladies respiratoires et articulaires sources de
handicap. S’ajoute le retentissement psychologique et social, le tout générant des
colits indirects conséquents Les dépenses liées a I'obésité représenteraient 7% de
Pobjectif national des dépenses d’assurance maladie (Ondam) pour 2008 en France.
Au rythme actuel de la progression de 'obésité, ce cofit pourrait doubler d’ici 2020
et représenter 14% de 'Ondam.

1.4.3. Mortalité

L'obésité est l'une des principales causes évitables de mortalité dans le
monde (Allison er al, 1999; Mokdad et al, 2004; Barness et al, 2007). Des études
américaines et européennes a grande échelle ont constaté que le risque de mortalité
varie avec I'IMC, le risque le plus faible se trouve a un IMC de 22.5-25 kg / m?
(Whitlock et al, 2009) chez les non-fumeurs et & un IMC de 24-27 kg / m? chez les
fumeurs et augmente avec les changements dans les deux sens (Calle er al, 1999;
Pischon er al, 2008). L'obésité accroit le risque de déces chez les actuels et anciens
fumeurs, ainsi que chez ceux qui n'ont jamais fumé (Pischon et al, 2008). Un IMC
de plus de 32 a été associée a un taux de mortalité doublé chez les femmes pour une
période de plus de 16 ans (Manson er al, 1995) et 1'obésité est estimée responsable
d’'un exces de 111.909 a 365.000 déces par an aux Etats-Unis (Allison er al, 1999).
L'obésité réduit 'espérance de vie moyenne de six a sept ans (Peeters et al, 2003).
Un IMC de 30-35 réduit l'espérance de vie de deux a quatre ans (Whitlock et aZ,
2009), tandis que 1'obésité sévere (IMC> 40) réduit I'espérance de vie de 20 ans pour
les hommes et de cing ans pour les femmes (Schwarz er a/, 2007). Des modélisations
récentes prévoient qu’au rythme actuel de progression de I'obésité et du fait de sa
précocité croissante, la perspective d’'un raccourcissement de la durée de vie est
envisageable pour les générations actuelles (Olshansky et aZ, 2005).
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1.4.4. Morbidité

Des conséquences multiples sont associées a 'obésité : 1) des conséquences
métaboliques et cardiovasculaires comme le diabete, la dyslipidémie et
I'hypertension artérielle, 2) des conséquences mécaniques comme les atteintes ostéo-
articulaires, l'incontinence urinaire. 3) L’association obésité-cancer, longtemps
négligée, est actuellement devenue une source de préoccupation en particulier pour
le systeme digestif et la prostate. 4) et les maladies liées ou aggravées par
I'inflammation. Ces comorbidités sont reflétées principalement dans le syndrome
métabolique (Haslam, 2007). Le syndrome métabolique est un ensemble de troubles
médicaux, dont le diabete de type 2, Ilhypertension artérielle,
I'hypercholestérolémie, et les niveaux élevés de triglycérides.

Les complications sont causées, soit directement par 1'obésité, soit
indirectement par le biais de mécanismes de partage d'une cause commune comme
une mauvaise alimentation ou un mode de vie sédentaire. La force du lien entre
I'obésité et les conditions spécifiques varie. L'un des plus important est le lien avec le
diabete de type 2. L'excés de la masse grasse est responsable de 64% des cas de
diabete chez les hommes et 77% des cas chez les femmes. Les conséquences de
Pobésité sur la santé peuvent étre classées par les effets de l'augmentation de la
masse grasse (l'arthrose, 1'apnée obstructive du sommeil, la stigmatisation sociale) ou
par l'augmentation du nombre de cellules graisseuses (diabéte, cancer, maladies
cardiovasculaires, la stéatose hépatique) (Bray, 2004; Haslam, 2007). L’augmentation
de la masse grasse dans le corps modifie la réponse de 1'organisme a l'insuline, ce qui
pourrait conduire a la résistance a 1'insuline. Aussi, 'augmentation de la masse grasse
crée aussi un état pro-inflammatoire, ce qui augmente le risque de thrombose (Bray,
2004).

1.4.5. Les cofits économiques

En plus de ses effets sur la santé, I'obésité entraine de nombreux problémes,
y compris les inconvénients en matiere d'emploi (Puhl er al, 2008) et
l'augmentation des cofits du travail. Ces effets sont ressentis par tous les niveaux de
la société en allant des individus aux sociétés et aux gouvernements. Selon les
estimations, 2 & 8 % du coft total des soins dans les pays occidentalisés seraient
afférents a 1'obésité. En France, la fourchette serait comprise entre 3 et 4 %. Aux
Etats-Unis, le colit médical direct de 1l'obésité (traitements, visites médicales,
opérations..) est de 51 milliards de dollars par an, auxquels s'ajoutent 49 milliards de
colt indirect, liés a la perte de productivité (Egger, 2009). Aussi, 1'estimation des
dépenses annuelles sur la gamme des produits diététiques est de $ 40 milliards a 100
milliards de dollars dans les seuls Etats-Unis (Volpp et al, 2008).
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ANNEXE 2

L’OXYDATION LIPIDIQUE

La balance lipidique, c’est-a-dire DIéquilibre entre ingestion et
oxydation lipidique est le déterminant majeur de la balance énergétique. Un
ensemble de voies métaboliques énergétiques permet la phosphorylation de
ADP en ATP, grace a l'oxydation des lipides. Elle comprend plusieurs
voles métaboliques : la béta-oxydation, cycle de Krebs ou cycle TCA et la
chaine respiratoire mitochondriale.

1. B-Oxydation

Dans lorganisme, l'oxydation des acides gras se produit dans la
mitochondrie et aboutit a la production d’acétyl-COA au cours d’'un processus
nommé béta-oxydation. Ce processus se fait sur le carbone 3 et se poursuit aussi
longtemps que la molécule d’acides gras n’est pas totalement dégradée en acétyl-
COA. Ce dernier rejoint le cycle TCA ou cycle de Krebs. Les atomes d’hydrogeéne
libérés sont oxydés dans la chaine respiratoire. La béta-oxydation est directement
liée a la consommation d’Ox.

La premiére étape est 'activation des acides gras par liaison avec le Coenzyme A (en
utilisant I'énergie de 'ATP, aboutissant a un acyl-CoA. Celui—ci est transporté dans
la matrice mitochondrie par une petite molécule : la carnitine.

Un acyl-CoA saturé est dégradé par une séquence récurrente de 4 réactions:1)
Oxydation par le FAD, 2) hydratation, 3) oxydation par le NAD+, 4) thiolyse par le
CoA. Le résultat pour chaque cycle est la formation d'un acyl-CoA plus court de 2
carbones et la formation du FADH2, NADH et acétyl-CoA. L’oléate CisH34O2 va
passer 8fois dans la f-oxydation, tandis que le palmitate C1sH3O2 fera 7 tours.

2. Cycle TCA

Le cycle de Krebs ou cycle des acides tricarboxyliques ou encore cycle de
l'acide citrique (citrate) est une série de 8 réactions enzymatiques dont la finalité est
de produire des intermédiaires énergétiques qui serviront a la production d'ATP
dans la chaine respiratoire. A chaque tour de cycle, une molécule d'acétyl-CoA (2
carbones) réagit avec une molécule d'oxaloacétate (4 carbones) pour donner du
citrate, molécules a 6 carbones. Au cours des réactions suivantes, 2 carbones du
citrate sont éliminés sous forme de CO2, assurant ainsi la régénération de
'oxaloacétate (4 carbones). Ce dernier pourra alors de nouveau recevoir un acétyl et
recommencer le cycle. Le cycle de Krebs se déroule dans la matrice de la
mitochondrie, en aérobiose (présence d'oxygene). Avec la chalne respiratoire qui
réoxyde les coenzymes NADH et CoQH2 produits par le cycle, le cycle de Krebs est
le processus ultime de dégradation des différents métabolites qui seront dégradés en
COz2eteau. En1tourducycleona:

Acetyl-CoA + oxaloacetate + 3 NAD+ + GDP + Pi +FAD --> oxaloacetate + 2 CO2 +
FADH: + 3 NADH + 3 H+ + GTP
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Introduction

La rédaction de ce document est la concrétisation de la formation « Valorisation des
compétences », proposée par I’Association Bernard Gregory. L’objectif principal est
de mettre en évidence les compétences acquises et les potentiels professionnels
développés au cours la these. Le nouveau chapitre de thése est rédigé pour étre
présenté a un public de non spécialistes du sujet et constitue une analyse de la
gestion du projet de these.

Cadre général et enjeux de la thése

Présentation du projet et enjeux

La fréquence de lobésité n’a cessé daugmenter ces derniéres années. Les
conséquences en termes de santé publique sont inquiétantes. L’obésité est
caractérisée par une diminution de la capacité a utiliser les graisses alimentaires
comme source d’énergie. L’augmentation du nombre de sujets obéses pourrait
refléter le fait que l'activité physique de la population est aujourd’hui trop faible et
ne permet pas d’obtenir une régulation satisfaisante de 1'équilibre lipidique. Une
démonstration claire de ces hypothéses reste cependant a établir. Des données
récentes suggerent une interaction entre l'activité physique et le type de graisses
alimentaires ingérées, telles que ’huile d’olive et les graisses d’origine animale.
L’objectif de ma thése est d’étudier si des niveaux faibles ou élevés d’activité
physique affectent la capacité de l'organisme humain a briiler les graisses d’origine
alimentaires et si cet effet dépend du type de graisses ingérées.

L’approche choisie est d’étudier le métabolisme des graisses alimentaires chez des
sujets minces ou obeses, actifs ou sédentaires, avant et aprés une intervention sur
P'activité physique (entrainement vs. désentrainement).

L’enjeu scientifique de ce travail de recherche est de contribuer a la compréhension
des mécanismes complexes qui expliquent les changements de I'utilisation des
graisses observés quand le niveau d’activité physique est modifié.

Les pouvoirs publics francais se sont engagés ces derniéres années dans un
programme national Nutrition-Santé. L'enjeu sociétal de mon projet s’'intégre dans
Pobjectif général de ce programme qui est d’améliorer 'état de santé de I'ensemble
de la population en agissant sur I'un de ses déterminants majeurs qu’est lactivité
physique.

L’enjeu économique est de mieux comprendre I'impact de l'activité physique a la
lumieére des recommandations actuelles afin d’établir des stratégies préventives de
Pobésité. Cette pathologie, responsable d’accidents cardio-vasculaires, de diabétes, de
maladies respiratoires et de cancers, représente un cofit sanitaire. En dehors de leurs
conséquences sur le plan '’humain, I'impact économique est considérable. Dans
l'union européenne, les soins consacrés a l'obésité absorbent chaque année
léquivalent de 7% des budgets nationaux de santé. Aux Etats-Unis, l'obésité
constitue a elle seule, une facture de 118 milliards de dollars par an en cofit direct et
indirect.

Mots-clés : obésité- activité physique- oxydation des lipides.
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Contexte de la thése

Ce travail a été réalisé au sein de 1) I'équipe de « Epidémiologie des Maladies
Cardiovasculaires et des Cancers. Influence de la Nutrition et de la Sédentarité »
dirigé par le Pr. Chantal Simon, et en collaboration avec 2) I'équipe « Physiologie
énergétique » sous la direction de Stéphane Blanc au DEPE CNRS. Les tests ont été
réalisés dans 3) le département de Médecine Interne et Nutrition de 'Hépital de
Hautepierre (C Simon, CHU Strasbourg). Cette structure bénéficie de I'agrément
pour la recherche chez le sujet sain et malade.

Les deux équipes participent a plusieurs projets dont :

ICAPS : étude de l'influence de l'activité physique aux seins des colléges en Alsace
sur 800 éleves.

Le projet Monalisa : enquéte sur le comportement alimentaire de 1200 personnes en
Alsace

L’équipe « physiologie énergétique » a participé dans les études de BEDREST
effectués par 'agence spatiale européenne et a étudié l'effet de I'inactivité physique
extréme sur I'oxydation des lipides.

L’équipe d’accueil (EA) 180 est une unité de recherche de la faculté de médecine de
P'université de Strasbourg.

L’équipe «physiologie énergétique » fait partie du Département d’Ecologie,
Physiologie et Ethologie DEPE de l'institut pluridisciplinaire Hubert Curien IPHC et
est une unité mixte de recherche de I'université de Strasbourg et le centre national
de recherche scientifique CNRS (UMR CNRS ULP 7178). Cette équipe fait partie
intégrante du DEPE.

Choix du sujet de thése

Originaire de Liban, je suis venue en France pour pouvoir poursuivre mon
cursus universitaire dans le domaine de Sciences de la Vie et de Biologie. J'ai
poursuivi un Master2 de recherche en physiologie et conditions extrémes a
P'université Claude Bernard a Lyon. Cette année comprenait aussi un aspect pratique
avec un stage que j'ai effectué dans les hopitaux universitaires a Tours sous la
direction de Pr. Arbeille en physiologie spatiale sur I'étude des réponses
hémodynamiques en réaction a un tilt test chez les humains. J’ai été tout de suite
passionnée par la recherche clinique qu’offrait ce stage. Cette maitrise m’a apporté
beaucoup au niveau de mon intérét pour la recherche clinique. Apreés le master, j'ai
postulé pour une bourse de thése au sein de I'équipe 1801 qui proposait un sujet de
thése répondant parfaitement a mes attentes. Le sujet se positionnait en effet au
cceur des problémes de santé publique (sédentarité, obésité) et est aux frontieres de
nombreux domaines (nutrition, biochimie et physiologie) et m’offrait une formation
assez intéressante au niveau des techniques expérimentales disponibles.

Tout bien considéré, la thése permet d’acquérir des compétences tres
intéressantes pour l'insertion dans la vie active, que ce soit dans l'univers de
Pentreprise ou dans celui de l'enseignement supérieur et de la recherche
académique. Ace jour, je ne peux qu’étre satisfaite de la richesse des activités que j’ai
eu a mener et des compétences que j’ai eu développer ou acquérir et les premiers
éléments d’'une logique de recherche ; de la définition d’'une problématique a sa
résolution pratique conduisant a la réponse.
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-Réle dans la définition et la programmation du sujet

Je ne suis pas intervenue dans le choix du sujet initial, défini aux préalables par ma
directrice Pr. Chantal Simon (Professeur de nutrition, EA 1801, Faculté de
Médecine, Strasbourg) et mon co-directeur Stéphane Blanc (Directeur du
Département d’Ecologie, Physiologie & Ethologie - Institut Pluridisciplinaire Hubert
Curien - UMR CNRS ULP 7178).

Déroulement, gestion et cofit du projet

Lorsque j’ai intégrée I'équipe, le projet a été déja lancé avec la réalisation de 17 sujets
parmi les 36 sujets a recruter. L’aide des post doc et des précédentes doctorantes a été
précieuse dans 'apprentissage des méthodologies et 'intégration des travaux déja
effectués.

La premiére partie de la thése a été consacrée au recrutement de 28 volontaires
parmi les 263 entretiens que j’ai effectué, et a la préparation et la réalisation de 159
jours d’expérimentation sur 28 volontaires sains.

La deuxiéme partie était consacrée a la rédaction de quatre articles. J’ai apprécié la
confiance de mes co-directeurs de thése, qui m’a permise de mener d'une facon
quasi-autonome le déroulement des tests. D’autre part, le sujet m’a permis
d’approfondir mes connaissances dans le domaine de la recherche fondamentale et
appliquée (protocole clinique).

Préparation et cadrage du projet

-Evaluation des facteurs de succés et de risques

Travailler sur '’humain est directement lié & un facteur de risque de I'abandon
volontaire recruté. A partir des 47 sujets recrutés, 9 ont décidé d’arréter
volontairement apreés le début des tests. En plus, Il existe une grande variabilité
entre individus. Aussi, la nécessité de travailler avec plusieurs personnes
(volontaires, chirurgiens, infirmiéres, éducateur sportif, techniciens) pouvait
entrainer quelques difficultés dans la gestion des plannings.

Cependant, I'équipe bénéficie d’'un bon support technique et budgétaire.

-Choix des partenaires

La réalisation de ce projet m’a offert 'opportunité d’étre en interface entre 3
équipes (EA US 1801 Faculté de médecine Strasbourg, UMR CNRS US 7178 institut
pluridisciplinaire Hubert Curien, département Ecologie, Physiologie et Etologie,
Strasbourg et le département de nutrition du centre hospitalier universitaire de
Strasbourg), et de collaborer nationalement avec une 4™ équipe du centre de
biologie CBS CRNH-Rhéne Alpes (Lyon) ou jai fait des analyses pendant deux

mois.

-Gestions des aspects contractuels

Comme allocataire de recherche ministérielle, j'ai signé «la charte des theses »,
contrat de travail a dure déterminée (CDD) de trois ans. Ce contrat précise les droits
et les devoirs du doctorant pendant la theése. A titre d’exemple, le doctorant,
chercheur non permanent en formation, bénéficie de l'acces aux structures de son
unité d’accueil au méme titre que les titulaires, d’un sujet défini et de I’encadrement
personnalisé de son directeur de thése. Le doctorant s’engage a suivre des formations
complémentaires et a participer a la vie de I'établissement.
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Conduite du projet :

Périodicité des bilans d’avancement.

La durée de référence d'une préparation de these est de trois ans. Pour se conformer
a la durée prévue, le doctorant et le directeur de these doivent se respecter leurs
engagements relatifs au temps de travail nécessaire.

a) La réunion du comité de thése a eu lieu en moitié de l'exercice. Parmi les
membres du comité, figuraient ma directrice de thése, mon co-directeur, un
membre extérieur Pr. Laville directrice du département de nutrition au CNRH
Lyon) et un chercheur de l'unité (spécialiste des mitochondries). Cette réunion a
permis de faire le point sur I'avancement des travaux, les difficultés rencontrés, et
d’apporter des suggestions et des critiques trés enrichissantes et constructives pour la
poursuite du travail.

b) Ma directrice et mon directeur de thése ont fait preuve de disponibilité,
contribuant au bon déroulement de mes activités. Des bilas d’avancement mensuels
nous ont permis de discuter des problemes éventuels, des résultats, des méthodes
d’analyses et de I'organisation de poursuite du travail.

-Gestion du projet sur la durée et au quotidien

Au quotidien, il m’a fallu gérer la logistique associée au projet (recrutement des
sujets : 417 appels téléphoniques, 263 entretiens, préparation et réalisation de 159
jours d’expérimentation, suivi des commandes des matériaux: étiquetage et
rangement de plus de 7500 tubes, d’achats et pesages de régimes alimentaires
complets de 340 journées, gérance de 36 dossiers de rapports médicaux, assurer le
planning et le suivi des 504 séances d’entrainements avec 3 éducateurs sportifs,
organiser 50 tests d’effort avec I’hopital civil et les sujets, organiser les plannings des
tests avec les sujets, les médecins collaborateurs( 1chirurgien et 2médecins),
2infirmieres, 3 diététiciennes,2 techniciens, sans interférence d’un sujet a lautre.
Ces fonctions impliquent une prise de contacts avec de nombreux partenaires et une
part de temps important consacré aux appels téléphoniques, courriers, réunions,
achats et surtout la réalisation. Aussi, une organisation rigoureuse, une réactivité et
surtout I'adaptabilité aux imprévus sont indispensables.

-Problémes rencontrés et solutions apportées

Déménagement : dans la deuxiéme année de thése, ma directrice a du déménager et
libérer les locaux de T'hopital ou se faisait les expériences pour des causes
professionnelles. Donc jai du recruter les derniers 10 sujets et caser 70 jours
d’expérimentation en un lapse de 5 mois, un travail qui prenait normalement une
année a réaliser.

Démission : suite a cet imprévu et le travail surchargé par conséquent, notre
éducateur sportif principal a été surmené et a présenté sa démission. J’ai négocié
avec lui et je lui ai réorganisé et réduit son travail pour qu’il se sente plus a l'aise. Il a
accepté de rester.

Retrait du consentement : apres le début des tests, j’ai réussi a convaincre deux sujets
a continuer les deux mois d’entrainement car ils étaient fatigués et les séances leur
prenaient beaucoup de temps mais deux autres étaient catégoriques et sont partis (un
a cause d’étre embauché dans un nouvel travail et l'autre pour des raisons
personnelles)

Matériel : il a fallu prévoir plusieurs mois en avance les commandes des matériels car
les facturations a la faculté et par suite la réception étaient retardées au niveau
administration de l'université.
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Gestion du temps : Il a fallu optimiser la gestion du temps, puisque il y a eu plusieurs
imprévus au niveau des plannings (urgence pour le médecin, imprévu personnel

pour les sujets, maladie d'un personnel) qu’il fallait réagir tout de suite et

replannifier avec 'accord de tous les concernés, les jours des tests. Pour cela, il fallait

étre disponible a chaque instant, avoir une vue globale de tout le projet et étre en
bon terme avec tous les sujets et associés pour faciliter les changements de dates.

Evaluation et prise en charge du cofit du projet

Estimation du cofit consolidé de la thése

Montants en euros TTC

Colits totaux (euros TTC)

Nature de la dépense Détails * Non!b're C.oﬁ.t Quote-part
d'unités/| unitaire L Total
mois moyen utilisation
1 |Ressources Humaines
1.1 |Doctorant 1658.25 0.3 36 2155.73 1.00 77606
1.2 |Encadrant 1 5000 0.3 36 6500.00 0.15 35100
1.3 |Prime Encadrement
1.4 |Encadrant 2 3500 0.3] 36 4550.00 0.20 32760
1.5 |Prime Encadrement
1.6 JAutres personnels 8300 0.3 36| 10790.00 0.50 194220
1.7 |Sous-traitance
Sous-total Ressources Humaines 339686
2 |Consommables
2.1 |Fournitures expérimentales 36 1.00 371 000
2.2 |Fournitures de bureau 30 36 0.20 216
Sous-total Consommables 371216
3 |Infrastructures
3.1 |Entretien, gardiennage, secrétariat 2000 0.3 36 600 0.10 2160
3.2 |Loyers des locaux/charges locatives 5000 4000 36 0.05 16200
3.4 |Autres
Sous-total Infrastructures 18360
4  |Matériel (amortissements)
4.2 |Ordinateur de bureau 0.33 1200 1.00 396
4.3 |Logiciels de bureau 0.33 300 1.00 99
Sous-total Matériel 495
5 |Déplacements
5.1 |Missions en France 150 2000 1.00 2150
Sous-total Déplacements 2150
6 |Formation
6.2 ggirizlsefréatﬁd(i?;zr’lrggr; a I'Université, Sécurité 3 355 1.00 1065
Sous-total Formation 1065
7 |Documentation et communication
7.1 |Affranchissements, Internet, téléphone 50 36 0.10 180
7.2 |Publicité, communication, impressions 1000 0.25 250
73 |qomées, bblotheaus, stoy 300 300
Sous-total Documentation et communication 730
8 |Charges financiéres (intéréts des emprunts)
Sous-total Charges financieres
9 |Charges exceptionnelles
Sous-total Charges exceptionnelles
10 |TOTAL 733 702
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Détails des ressources humaines et consommables (sans encadrants)

Cofit (Keuros)/36mois
Ressources humaines Doctorante 66
Post doc 135
Infirmiére 42
Technicien 96
Matériels Rotors 30
Tubes 35
Isotopes 96
Génomic 30
Analyse Isotopes 67
Génomic 30
Protéomic 45
Indemnisation 48volontaires 38
Total 710

Compétences, savoir faire et qualités professionnelles

Domaines d’expertise: Métabolisme énergétique, Nutrition, Santé publique,
Recherche et développement, Physiologie humaine, Recherche clinique,
Communication

Compétences scientifiques et techniques

Compétences scientifiques : élargissement de la culture scientifique dans plusieurs
domaines : biologie, physiologie, nutrition, biochimie et médecine. Connaissance de
la réglementation dans le domaine de I'éthique et la propriété intellectuelle,
application de la démarche qualité, aspect 1égislatif et contractuel de la recherche.
Compétences techniques : analyse des données, utilisation des logiciels bureautiques
et statistiques, analyses biologiques et chimiques, expérimentation et physiologie
humaine, calorimétrie, différents instruments de mesure de la dépense énergétique,
techniques d’isotopes stables et la méthode de I'eau doublement marquée.

Compétences de gestion

Gestion du projet: organisation et plannings des tests, administration, aspects
législatifs, rapports d’activité, adaptation des plannings des sujets avec les membres
des I'équipe et les séances d’entrainement d’ou la nécessité d’étre organisé afin de
répartir dans le temps les différentes taches a accomplir. Tenir aux échéances et
s’adapter aux impératifs et contretemps de chacun et réadapter tout le planning. Etre
capable d’avoir une vision d’ensemble du projet et prendre de recul.

Gestion du personnel : Interlocuteur des techniciens, volontaires et collaborateurs.
Gestion avec négociation et diplomatie de la communication entre les équipes.

Travail de recherche individuel combiné a des situations collectives d’ou
Papprentissage du travail d’équipe.

Compétences en communication

Langues : communications et publications en anglais, avec 'obtention du Toeic
(score 945/990)
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ADDAL : membre actif de I'association des docteurs et doctorants d’alsace — équipe
organisatrice des rencontres entre entreprises et doctorants. Ma participation a
Porganisation de rencontres au sein de Addal et la participation au forum BioTechno
(rencontres doctorant / entreprises) m’ont permis de tisser un réseau de
connaissances et de confronter un certain nombre d’expériences qui me seront
certainement utiles dans la suite de ma vie professionnelle.

Compétences d’encadrement

Encadrement de deux techniciens dans le cadre de leur travail sur le projet.

Savoir faire administratif et rédactionnel

Rédaction des fiches méthodologiques, de cahier d’observations d’étude clinique, des
dossiers pour demande de bourse (FRM) et poste d’attaché temporaire a
Penseignement et la recherche (campagne 2009-2010).

Savoir-étre et qualités personnelles

La these est un excellent outil pour développer ses aptitudes a la communication
ainsi que les qualités d’écoute, de rigueur, d’adaptabilité, de créativité et de
persévérance.

L’ensemble de ces compétences acquises au cours du projet est transférable a bien
d’autres domaines.

Résultats, impact de la thése

Résultats attendus: Au niveau scientifique, cette étude montrera si
Iinactivité physique, indépendamment de ses effets sur la balance énergétique,
induit des situations métaboliques supposées causales dans I’étiologie de I'obésité.
L’étude évaluera lefficacité de différents niveaux d’activité physique sur
Porientation des lipides exogenes au profit de I'oxydation. Enfin, la génomique et la
protéomique fonctionnelles fourniront une approche mécanistique et pourraient
ouvrir de nouvelles voies de traitements thérapeutiques. Au niveau personnel, jai
désormais la capacité de mettre en place et de gérer un projet en fonction de
nombreuses contraintes humaines ou techniques. De plus, mes contacts avec les
différentes équipes et les volontaires m’ont permis d’élargir mes compétences a
plusieurs niveaux : relationnels, administratifs et scientifique au sujet de 'obésité et
de tous les phénomeénes impliqués dans cette maladie et m’a ainsi permis d’avoir une
vision plus globale et synthétique de cette pathologie. De plus, mon champ de
connaissances sur 'obésité et ses conséquences est applicable au sujet de nombreuses
autres maladies, trés étudiées également ce qui me permet d’étre confiante quant a
ma capacité a m’'intégrer dans une équipe de recherche dans l'industrie.

Projet professionnel

Le bilan de compétences m’a permis d’éclaircir mes choix sur les pistes
professionnels que jaimerais envisager dans le futur. La recherche clinique s’est
avérée un domaine qui me passionne et donc j’ai du élargir mon réseau professionnel
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avec des représentants de certaines boites pharmaceutiques leader dans le domaine
de recherche clinique comme Roche, Novartis et Lilly. Des postes comme attaché de
recherche clinique, associé de recherche clinique CRA, chargé de mission
scientifique ou chercheuse dans recherche et développement R&D me sont
favorables. J’ai aussi découvert une passion pour le contrdle qualité et un poste dans
ce domaine m’intéresse aussi. Finalement, mes compétences de bonne transmission
de savoir et de données que jai développées dans les différentes communications
m’ouvrent le domaine d’enseignement comme maitre de conférences.

CONCLUSION

Les compétences scientifiques, techniques, gestionnelles et personnelles que jai
acquises durant les quatres années de travail de theése ont renforcé ma motivation de
travailler dans le domaine de recherche clinique. Ce plaisir de travailler dans le
domaine de santé publique est complété aussi par ma formation supplémentaire
d’investigateur de recherche clinique. Ma formation et mon expérience sont
pluridisciplinaires et pourront donc certainement intéresser de nombreux acteurs de
la santé publique. De méme, un doctorat en physiologie offre un profil recherché
dans lindustrie pharmaceutique. J’ai également découvert que la gestion des
personnels (techniciens, infirmiéres, éducateur physique, chirurgiens, collegues,
intervenants externes, commerciaux en visite) ainsi que la gestion des ressources
matérielles sont deux compétences que j’apprécie. Je pense que le management d’une
équipe de recherche clinique et de projets scientifiques pourrait me permettre
d’appliquer l'expérience que j’ai acquise en associant a la fois le domaine de la
science avec le monde de gestion. Ainsi, c’est dans cette perspective que j’aimerais
avancer, et ces points représentent pour moi des objectifs que jaimerais atteindre
dans ma carriere.

|
k!
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Coquillages en pleine fumiére de Lynn Fecteau
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RESUME

L’activité physique, en tant que composante la plus modulable de la dépense énergétique totale, pourrait jouer
un role clef dans le devenir des lipides. Toutefois, hormis les données existantes sur les effets aigus de 'activité
physique sur la lipémie, nous disposons de peu de données concernant l'effet de la modulation du niveau
d’activité physique habituel sur 'oxydation et la répartition des lipides alimentaires. Le but de ce travail de these
a été d’étudier, chez 'homme normopondéré et en surpoids, les mécanismes par lesquels une dépense
énergétique liée a activité physique, basse ou élevée, module I'oxydation des lipides alimentaires en portant une
attention toute particuliére a I'évaluation des recommandations actuelles sur le niveau d’activité physique. Nous
avons soumis deux groupes de sujets sédentaires différant par leur masse corporelle (surpoids vs.
normopondérés) a 2 mois d’entrainement basé sur les recommandations actuelles et un troisieme groupe
d’hommes actifs normopondérés a un mois de désentrainement, avec un maintien d’un poids stable tout au cours
de l'étude. Le devenir métabolique des acides gras exogénes (saturés ou monoinsaturés) était évalué par des
molécules marquées par isotopes stables. Apres le désentrainement, les oxydations lipidiques a jeun, totale et
exogéne diminuent. A 1’inverse, un entrainement selon les recommandations actuelles, induit une modeste
augmentation de I'oxydation lipidique qui n’apparait significative que pour les acides gras monoinsaturés. Ainsi,
1"inactivité physique a des effets plus marqués sur le métabolisme lipidique que 1’entrainement. Toutefois, le
niveau de 1’activité habituelle, indépendamment d’effets quantifiables sur la balance énergétique, prédit le
niveau d’oxydation des lipides exogénes. Nos résultats apportent des données clefs dans le débat actuel quant au
role de l'activité physique dans le traitement de 1'obésité et des troubles métaboliques associés a la sédentarité, en
démontrant une relation positive entre la quantité d'énergie dépensée lors d'activités et le devenir des lipides
alimentaires. Cependant, 1 “entrainement n “a pas modifié la dépense énergétique liée a 1"activité physique chez
les sujets en surpoids. Ceci s explique par une réduction spontanée des activités de la vie de tous les jours. Ces
résultats pourraient en partie expliquer les résultats médiocres obtenus au long cours dans le traitement de
1’obésité par 1’exercice physique. En conséquence, nos résultats suggerent que de plus amples études sont
nécessaires pour déterminer le niveau d “activité physique nécessaire et suffisant pour augmenter 1" oxydation
lipidique si 1’on souhaite que cette activité physique prévienne la prise de poids. Un effort particulier en
recherche doit étre mis sur la nature de 1 activité physique a promouvoir. Il semble sur la base de nos résultats
que des exercices de type structurés ne sont pas suffisants. Une approche socio-écologique qui prend en compte
1"environnement dans lequel évolue les individus est impérative, s ‘il 1"on veut éviter que 1 activité de la vie de
tout les jours devienne le tampon économisant 1" énergie dépensée dans les activités structurées.

Mots-clés: oxydation lipidique, activité physique, isotopes stables, obésité.

ABSTRACT

Physical activity, being the most adjustable component of total energy expenditure, may play a key role in the
fate of lipids. However, a part from the effects of acute exercise little is known on the effect of modulating
habitual physical activity level on lipid oxidation and trafficking. The objective of our theses was to investigate,
in lean and overweight men, the mechanisms by which low or moderate physical activity energy expenditure,
modulates exogenous lipid oxidation, with particularly evaluating physical activity current recommendations.
We submitted two groups of sedentary men (lean vs. overweight) to two months of training based on current
recommendations, and a third group to one month of detraining, with body maintenance throughout the
interventions. The fate of exogenous fatty acids (saturated: palmitate; monounsaturated: oleate) was evaluated
using stable isotopes. After detraining, fasting, total and exogenous lipid oxidation decreased. Conversely,
training based on current recommendations induced a modest increase of lipid oxidation which was only
significant for monounsaturated fatty acids. Thus, physical inactivity has more marked effects than training.
Nevertheless, habitual physical level, independently of measurable effects on energy balance, predicts the level
of exogenous lipid oxidation. Our results bring key answers in the actual debate of the role of physical activity in
the treatment of obesity and metabolic alterations associated with sedentarism, by demonstrating a positive
relationship between the energy expended during activities and the becoming of lipids. However, training did
not increase activity energy expenditure in overweight men. This is explained by the spontaneous reduction of
everyday activities. These results can partly explain the deceiving results obtained all along in the treatment of
obesity by physical activity. Consequently, our results suggest that further studies are warranted to determine
physical activity level required and sufficient to increase lipid oxidation if we wish that this physical activity
prevents weight gain. A particular effort should be put on the type of physical activity to be encouraged. It
seems, based on our results, that structured physical activity is not sufficient. A socio-ecological approach that
takes in account the environment, in which individuals evolve, is imperative if we want to avoid that everyday
activities buffer the energy expended in structured activities.

Key words: lipid oxidation, physical activity, stable isotopes, obesity.
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