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EZETAZTIKH ENITPONH

MAPTIQPHZ N. ANAPEAZ, KaBnyntng KAwikng Xnuetag-Bloxnueiag (emiBAEnwv)

2IMOZ NANATIQTHZ, KaBnyntig Avamtuélakn¢ Neupopuyoloyiag (cuvemiBAEnwy)
AADOEPMOZ BAZIAEIOZ, AvamAnpwtng Kabnyntng¢ Kowwvikng ZTatiotikng (cuvemiBAEnwy)
BENIXAKH MAPIA, Entikoupn KaBnyntpla KAwvikng Xnuetog

KAPAAHMAZ EYAITEAOZ, AvamAnpwtig KaBnyntrig WuxoAoyiag tng Yyeiag

KAITANAZ HAIAZ, KaBnyntng Epyaotnplakng Evéokpivoloyiag

TZATZANHZ XPHXTOZ, AvanAnpwtig Kabnyntig KAwvikng Xnueiag

H éykplon tng didaktopikng datpipric and 1o latpko TuApa tng IxoAng Emotiuwv Yyelag Sev
onuaivel kat amodoxn Twv andPewv tou cuyypada. (N5343/1932, dpbpo 202).

H mopouoa €psuva £xel ouyxpnuotodotndel and tnv Eupwnaikn Evwon (Eupwnaikd Kowwvikd
Tapeio - EKT) kat amd Bvikoucg mopoug Héow tou Emxelpnotakot Mpoypappartog «Ekmaibsuvon kat
Ao Biou Mdabnon» tou EBvikoU Itpatnyikol MMAaitciov Avadopdg (EXMA) — Epesuvntiko
XpnuotodotoUpevo Epyo: HpakAettog Il. Emévéuaon otnv Kowvwvia tng yvwong péow Tou Eupwmnaikou
KowwvikoU Tapeiou.

%k EMIXEIPHZIAKO MMPOIPAMMA
Lo EKTIAIAEYEH KAl AIA BIOY MAGHEH 5=~ EX[A
el EREVOVON STNY UOLVWVIG TNE YVWON 2007-2013

Evpwmaikf EVWON  YNOYPIEIO NAIAEIAE & BPHEKEYMATON, NOAITIEMOY & ABAHTIEMOY EYPAMAIKO KOINONIKO TAMEIO
EIAIKH YNHPEZIA AIAXEIPIIHE

Me tn cuyxpnparodotnon tng EAAadag kat tng Evpwmnaikrg Evwong
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Evyaplotieg

Oa nbeha va euxoaplotow TOAU Ttov emiBAénovta tng Slatplpng Hou, kadnyntn
KAwikng Xnuetag-Bloxnuelag Mapyiwpn N. Avépéa ylo TNV EUMLOTOCUVN TOU, OXL OE EREVA
OAAQ YEVIKA OTOUG OVOPWTTOUG. ZIAvLa €XEL KAVELG TNV euKaLpia va yvwpilel éva mpayUaTiko
TIPOCWTIIO TOU va Sivel otn ¢ppacon «agla aveKTIUNTN» TO MARPEG VONUA TNG.

Tov Akn Ziuo, kaBnyntn Avamtuélakng Neupouyxoloyiag, yiati 10 Aentd oultnong
pali Tou petadpalovral o TouAaytlotov 100 wpeg StaBacparog, 1000 wpeg PuyoBepaneiog
KOl TO EAAXLOTO O€ UEPLKA SLOEKATOUUUPLA TILO «EEUTIVOUG» VEUPWVEG. Me Alya AdyLa o€ éva
TILO XAPOUUEVO EYKEPOAO.

Tov avamAnpwtr kabnynty Kowwvikng ITtatlotikng Aapépuo Baoileio, ylati to
ave€AvTANTO TAB0C TOU YLA TN OTATLOTIKY UIMOPEL va TIELOEL yla TNV agla TNG akOUa Kal ToV
TIAEOV OAAEPYIKO OTA LOONUOTLKA.

Ta péEAN NG €EETAOTIKAG ETUTPOTAG: ToV KaBnyntr Epyaoctnplakng Evbokpivoloylag
Kaotava HAia, tov avamAnpwtr kabnynt KAwwkn¢ Xnueiag Toatoavn Xproto, tov
avarmAnpwty kadnynt) Wuxoloyiog tng Yyeiag Kapadnua Euvayysdo kot duoikd tnv
enikoupn kaBnyntpla KAwKAG Xnueilag Beviyakn Mapio yla TNV TPOCEKTLKA avAyvwaon Tou
KELWLEVOU KO TIG EVOTOXEC MAPATNPACELS TOUG. H CUMUETOXA TOUG OTNV EMTAUEAN HOU €lvat
OXL arAQ TR 0AAG KUPLWGE LEYAAN Xapda.

Tnv ylatpo-evéokplvoloyo Auyouotivakn MavAiva (MD, PhD) yia tnv xwpig dgUtepn
okéPn npoodopd dAiag, Tov evBouolacuod Kal TNV MEOUATIKA atolodoéia mou 1600 avaykn
EXEL TTOANEG DOpPEG N €peuval.

Tnv xnuko Aepuitl{akn Péva (PhD) ywa tnv avefavtAntn 6wdBeon Borbeslag, tnv
UTTOMOVI], TV YAUKUTNTQ, TNV OTWLKA Kal ¢ptlocopnuévn otdon tne yia tn {wn Kat Kat

EMEKTAON TNV €PEULVA.



Tov kaBnyntn ZxoAwkng WuxoAoylag AxtAAéa Mtapdo yLa TNV EVYEVIKN TTOPOXWENoN
NG adelag xpriong Tou Bacikol epeuvnTiKoU epyaieiov GAMA.

Ta maldio Tou epyaotnpLou KAWVIKAG XNHUELOG TTOU amdAuvay To Ayxog HOoU yla TV
epyooia otov mayko Kal pe kaBodnynoav otn oUVIOUN OXEON HMOU HE TIC TIWETEG, T
StoAUpata kat TTOAAEG akOpa TTOPOUOLEG AEEELG ULlag YAwooog dyvwotng. MoAAd euxaplotw
Aowdv otn PacouAn OAya, nén O6164akTopa TOU €pyactnpiou pag, TG cuvurioPndLeg
Sdibaktopeg Kapayiavvn En, lepwvuudkn Pitoa, MAatn lwavva oAAG kot OAa ta motdia mou
KOTA KapoUu¢ ouvumnpéape otnv mtépuya 3r.

Touc pikpoBLoddyouc MNwpyo, MNavva, Appoditn, Zwn, Kwvotavtiva yla TNV OAUTLUN
BonBewd toug otn ouAloyn Twv SElypATwyV aipatog OmMwe Kal OAou¢ ¢GUOIKA TOUG
OUUUETEXOVTEC OTNV €peuva. Av EAeLte n SIKN Toug eBeAoOVTIK Tpoodopd o XPOVO Kol KaAn
S1aBeon tinmota anod 6Aa avtda sv Ba ATav ePLKTo.

Toug ouvadéddoug Puxoloyoug oto epyactrplo Neupouyxodoyiag Kot LOLALTEPWG
Tov Mamaotepavakn Mavo, ylo TNV apéPLoTn TIPAKTLKN KoL NOWKN cupnapdoctaocn.

Tov kaBnynt KAwikng kat Nepapatikng WuxoAoyiag tou Mavtelou Maveniotnuiov
MEéAAdov Pourept, ywatl «n mpooBaon ota yAukoUTowka tnG {wng» eaptdtal Xwpig Kaula
audBoAia amnd tnv mapoucia avBpwmwy Kol SaocKAAwWV oav Kol EKEVov.

Toug maAloug didoug yla Tn otrPLEN Kal TOUG VEOUG Lo TNV UTIOLOVH.

Tnv puntépa Kat tov adepdo pou, yla OAa pUOLKAL.

AuToUC¢ Tou Aslmouv yLa To OtL uTthpéay TavTa eKel.

®eBpouaplog 2015
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MepiAnym Sratping

H moyvoapkio odnyel oe xpovieg UeTABOAIKEG dlaTapaxEC OMwE aviiotacn otnv
WvooUAlvn, Swafntn, aptnpPlooKAnpUVON, UTEPTAON KoBwG Kol oUVOPOUO QTOPPAKTIKAG
UTIVLKAG ATIVOLaG, OL OTIOLEG LE TN OELPA TOUG €XOUV OUVOEBEL e YWWOTIKEG SlaTtapaxEg.
Qot600, cuvexwg auvfavopeva dedopéva Seixvouv OTL n xaunAn enidéoon Twv MoxUCAPKWY
QTOPWV o€ MAELASA VEUPOPUXOAOYLKWVY TECT ELVOL OVIXVEUOLUN AKOUA KOl OVeEApTNTO aTo
TNV Topouciot TwV TaPATAVW TOBOAOYIKWY KATOOTACEWY. [VWOTIKA eAAElppOTA N
oUVOEOEVA UE TIG KALVIKEG OUVETIELEG TNE TIOXUOOPKIAC £XOUV EVIOTILOTEL TOCO OTN HUVAUN
000 KL OTLG ETUTEALKEG Aeltoupyiec. Ot teAeutaieg, ouvdéovtal Pe TNV pEOUCA VONUOGUVN
KOl AroTEAOUV OVWTEPEG, CUVOETEC YVWOTIKEG AELTOUPYIEG TTOU CUUBAAAOUV OTO GUVTOVIOUO
KOl amaptiwon GAAwV amAoUOTEPWY VONTIKWVY Slepyactlwy (T.X. UVAUN, YAWOOO, KLVNTIKEC
AelTtoupyiec) yla tTnv oAOKApwaon 0TOXOMPOCAVATOALOUEVWY OKEPEWV Kal SpACEWV.

H xpovia xapnAoU BaBupol ¢Aeypovr (chronic low grade inflammation, CLGI)
QIOTEAEL IO ATTO TIG TIPWTEG EMUMTTWOELG TNE TIAXUOAPKLOG KAl OUVELOPEPEL ONUAVTLKA OTNV
avantuén oAwv Twv AAAwv TaboducloAoyIKWY CUVETELWV TNG. Asdopéva amd moAAATAES
TINYEG TNV EUTTAEKOUV OTNV TTABOAOYLKA HELWON YVWOTIKWYV LKOVOTATWY OTWwG €lval n dvola n
n ATa yvwotilkn) Slatapox o€ NAKIWHEVA ATOMA, OKOMO KoL oveédptnta amd tnv
napAdAAnAn avamtuén petaBolikwv i kapdlayyelakwyv MPofANUATWY. AKOUA TILO CNUAVTLKO
elval To yeyovog OtL umdpxouv auénuéveg evdeifelg mou cuvdéouv tnv CLGI pe xaunAég
YVWOTIKEC EMIOO0ELG O€ UYL ATOUA HEONG A KAl VEAPNC NALKLAG.

Mia urtoBeon yla Tn oX€on TNG MAXUOAPKLOG LE TG YWWOTLKEG LKAVOTNTEC £lval OTL N
TIPWTN UTTOPEL va odnyroeL eite aueoa eite £upeoca, os dlatapayxEC otnv Asltoupyia tou

eykedAAou, oL omoleg ekGNAWVOVTAL PE UELWUEVN YVWOTIKN €midoon. EVOANQKTIKA, KOl LE



Sebopévo OTL oL emiteAKEG Aettoupyieg mailouv kaBoplotiko poAo otn AP anodpAcewv g
KaBnuepwvng TwnG, HMELWHUEVEG ETUTEAIKEG LKAVOTNTEG (CUpMEPAQUBAVOUEVWY  TOU
OXeSLOOMOU, TNG YVWOTIKAG EVEALELAG KaL TNG LkavoTnTag AoyLknG okéYPng) Ba pmopovoav va
EPUNVEUOOUV TNV aAUENUEVN OUCCWPEUON AUTOUG HECW HAKPOXPOVIAG ULOBETNONG
AavOaopévwy mPakTikwy Slatpodng Kal Aoknong.

H ouykekplpuévn €peuva eEETAOE TN OXEON QAVAUECA OE OVOOOAOYIKEG-UETAPBOALKEG
ETUOPACELG TNEG TIOXUOOPKIOC KOL TN YEVIKN YVWOTIKN Kavotnta. Aappavovtog dedopéva
amo Véoug Kal péoncg nAkiag EAAnveg €Beloviég, ol omolol Sev mapoucialav KAWLKA
avixveuoua tpoPAnuata oxeT{OUeva e Ttaxuoapkia, n LeAETN ixe U0 BacikolC OTOXOUG.
MpwTtov, va SlepeuvnOEeL TNV IOV OPVNTIKY) CUOXETLON QVAUECO OTNV Ttaxuoapkia KoL tnv
pPEOUCA VONUOOUVN XPNOLUOTIOLWVTAC VA N AEKTIKO TEOT €MAUONC AOYIKWV TIPOBANUATWVY.
AgUTteEpOV, VO OUYKPIVEL SUO EVAANOKTLKA MOVTEAQ OXETIKA HUE TNV KATteLBuvon tng ox€ong
naxvoapkiag-vonuoouvng, aflohoywvtag tn Xpovia xaunAou Pabuol dAsyupovy wg
Stapecorafntikn petaPAnti. MapdAAnAa eAéyxOnke n enibpacn YPuxoAoyLlkwy mapayoviwv
(ovpmtwpata katdbAwng kat ayxoug), Tpomou {wng (doknon), kat GAAwV GuUCLOAOYLKWY
napayoviwy (deikteg petaBolikng SuoAettoupyiag).

OL ouppeTéEXovTeg otnv épeuva (199 dtopa) Ntav eAeuBepol cofapwv Kol XPOVIWV
QUTOAVOOWV /KAl VOGNUATWY TOU CUVSETIKOU LoTOU. ATIO aUTOUC QIOKAELOTNKOY EMUTAEOV
ooa eiyav O0TopKOd TOpouciag Puxoloylkwy, VEUPOAOYKWV dlatapaxwv n/kat
KPOVLIOEYKEDAALKWY KOKWOEWV. AKOUO, ATOUO LE TPOCPATO LOTOPLKO Aoipwéng r mapoucia
Aeukokuttapwong Sev cuumnepAndOnkav oto teAko Seiypa (N = 188).

OL HETPNOELC TTOU TIpayHaTomolOnkav mepleAapBavav o) yVwoTIKES, PUXOAOYIKEG
Kol UETPNOELC PUOLKNG SpaoTnplotntac: To Teot Mevikng Nontikng lkavotntag EvnAikwv

(General Ability Measure for Adults, GAMA), pwa pn Aektikn dokipacio emiluong Aoylkwv
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NMPoBANUATWY TIoU QLOAOYEL TN YEVIKA VONTIKA KAVOTNTOA KOl €L6LKOTEPA TNV pEouca
vonuoouvn, n KAlpaka KatdbAupng tou Beck Il, n kAlpaka IStocuykpaolakol Ayxoug tou
Spielberger, kal To €pWTNUATOAOYLO CWHATIKNAG dpaotnplotntag Godin B8) Zwuatouetpikoi
Seiktec: o Aeiktng MdZac wuatoc (Body Mass Index, BMI, Bdpoc/UPoc?), o Adyoc
nepldépelag péong/loxiou (waist-/hip-circumference, WHR) ka®wg Kot To GUVOALKO TTOGOOTO
Atmoug ocwpatog (body fat percent, BF%) oto owpa y) Bioxnuikoi beikteg: C-avtibpwoa
npwteivn (hs-CRP), wwdoydvo, taxutnta kabilnong epubpwv awpoodatpiwv (TKE),
avtiotaon otnv wooulivn pe Bdaon to poviéAo opolootacng HOMA-IR kal oAkn
adutovektivn opou.

OL OUPMETEXOVTEG evtaxOnkav oe tpelc opadeg: vopuoPapeic (BMI: 18.5-24.99),
unépBapot (BMI: 25-30) kat maxvoapkol (BMI: 230), evw yla tov kaBéva umoloylotnke €vag
OUVOALKOG CWUOTOUETPIKOG Seiktng moayvoapkiog (Baocwlopevog otoug BMI, WHR, BF%)
KaBwg Kkat évag cuvoAlkog deiktng pAeypovig (hs-CRP, TKE, vwdoyovo).

Onwg Atov avapevouevo ol Tpeiq ouddeg SlEdepav oNUOVIIKA WE TIPOC TOUG
OWUATOUETPIKOUG,  dAeypovwdelg, HeTafoAlkoU¢ OeilKTEG KOL TN OUYKEVIPWON
adutovektivng, HE Ta AXUOAPKA ATOUA Vo TTapouclalouv UPNAGTEPEG TLUEG O OXEON ME
TouG vopuofapeic katl toug umépBapoug oe 6Aoug toug Tapandavw Oeikteg, pe e€aipeon
duoka tnv adurovektivn 6mou mapatnpnbnke n aviiotpodr taon. Aev Bpébnkav dtadopég
w¢ Tpo¢ TIG BabpoAoyieg otig KALOKEG KATABALYPNG, AyXOUC Kal CWHOTIKAG SpaoTnplotnTog
KaBwg KoL wg Tpocg tov SeiKTn cuvoonPOTNTAG.

OL avoAUoelg o ox€on HE TN YVWOTIKN WKavotnta £6sav OTL oL mayuoapkol
OUMUETEXOVTEG TIAPOUGCLACAV ONUOVTIKA XAUNAOTEPN €MiS0oon OTO TEOT £MIAUONG AOYLKWV
TPOPBANUATWY CUYKPLTIKA HE QVTIOTOLXOUC NAKLOKA vopuoPapeic Kal umEpBapouc, akopa

Kol €Aéyxoviac wg MPo¢ T METAPANTEC TG KaTtaBAWnNG, TOU AyXOUC, TNG CWHOTLKNAC



Sdpaoctnplotntag Kat toug petafoAkolg deikteg (vooulivn, HOMA-IR, adutovektivn). Ta
TIOOOOTA TWV OUMMETEXOVIWV HE EKTIMWHEVO Oelktn pé€oucag vonuoouvng €Vtog
duaclohoykol glpoug umohoyiotnkav oe 90%, 88% kal 78% yla TouG voppoBapeis, Toug
UMEpBapoug Kal Toug maxVoOPKoUG, avtiotolya. OL UTIOAOUTOL CUUUETEXOVTEG TTAPOUCLACAY
BaBuoloyieg oto paopa TnG oplakd xapnAng emidoong (70-85 Babuot).

Eniong StepeuviOnkav SU0 eVOANAKTIKA LOVTEAQ SOULKWY EELOWOEWYV, E TO TIPWTO
va UTIODETEL Pl apeon emidpoon tng MmaxuoopKiag (CUVOALKOG CWHATOUETPLKOC SELKTNC)
oTN YVWOTIKA kavotnta (GAMA) evw to §e0TepO HOVTEAD UTIEDETE TNV avtiotpodn oxéon,
HE TN MELWMEVN YVWOTIKN Agltoupyia va eival autr) mou odnyet oe avénon tou BMI. KaBe
HOVTEAO mepleAdpPave po ospd amd TAPAAANAEC  SlapecoAaBnTKEG HeTABANTEC
(buxoAoyikol mapayovieg, cwHATIKN dpaotnplotnta, Seikteg petafoAikng dSucAettoupyiag)
Kal e€€tale 1000 AUEDEG 00O Kal EUPECEG ETUOPACEL AVAPECO OTNV Taxuoapkia Kol tnv
YVWOTLKN Agttoupyia. To MPWTO LOVTEAO MOPOUCLOCE CNUAVTLKA KAAUTEPN TPOCAPHOYN oTa
bdebopéva oe ouykplon Ue to deltepo.

Emopévwg, pe Baon ta amoteAéopata ¢Aavnke OTL UTIAPXEL HLa avtiotpodn oxéon
peTalL avénuévou BMI kal péoucag vonuoouvng, LE TOUG TTaXUOAPKOUG VO TtapoucLlalouy
ONUAVTIKA XaunAotepn emidoon o€ oxéon He nAklakd eopolwpéva vopuofaprn Kot
UTépPBapa Atopa. AKOUA TILO ONUOVTLIKO €lval OTL N OXETWOUEVN HE TNV MOXUCOPKIia Xpovia
xapnAol BaBuou dAeypovr dailvetal va cUoXeTI{eTOL AUECA UE TA YVWOTIKA eAAElppOTO,
aveaptnta and petafoAlkouq (m.x. avtiotacn otnv Wooulivn, emimeda adutovektivng),
uxoAoylkoucg mapayovteg (oupmtwpata KotabAupng kot ayxoug) aAAd Kal Tn CWHUATIKA
Sdpaotnplotnra.

MA£ov, yivetal oAoéva mLo amodeKTO OTL OL OPVNTIKEG EMIOPACELG TNG TIOXUCOPKIOC

OTN YVWOTLKN KOVOTNTO 0VOKUTITOUV TIOAU vwpitepa amd OTL MIOTEVAE OTO TapeABOV Kat
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Sev Slapecolafouvtal amoKAELOTIKA KAl LOVO IO TLG TUTIKEG KALVIKEG CUVETIELEG TNG, OTIWG
n uméptaon, o dLaBnIng kat n aptnplookAnpuveon. Avtibeta, Unopel va mMpokUmTtouv amnod
TIOAU TTLO TTPWLHEG TIOOOPUGCLOAOYIKEG CUVETIELEG EVOOYEVWV OVACOAOYLIKWY SLEPYACLWV TIOU
oxetilovtal pe TNV Taxuoapkio. AUTEG HE TN OELPA TOUG EVOEXOUEVWG VA €XOUV QUECEC
BAOTIKEG OUVETIELEG OTOV KEVTPLKO VEUPLKO CUCTNUAL.

H ouxvotnta eudaviong t¢ naxvoapkiog otnv EAAada aufavetal pe avnouxntiko
pubud, TOoO Ot eVAAkeEC 000 KoL ot Taldld. To yeyovog auto eyeipel oofapoug
TMPOPBANUATIONOUG OXL MOVO YL TNV QVATITUEN TWV TUTIKWVY LATPIKWY TIPOBANUATWY Tou
oxetilovtal pe TNV maxvoapkia, oAAd Kol TNV €UdAVION YVWOTIKWV SUCAELTOUPYLWY, UE
oAU TBavr) tnv peAlovtiki coBapr avénon Twv MOCOOTWVY EMUTOANCHOU AVOLOG TIPWLUNG

€vapénc otov eEAANVIKO TANBuouO.
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Obesity,
Chronic Low-Grade Inflammation
and Cognition Impairment






1. Introduction

1.1 Obesity

Survival of organisms crucially depends on food intake. For millennia man strived
through a hostile environment walking miles to forage and ensure this precarious
prerequisite of life. As brief periods of nutrient sufficiency alternated with prolonged periods
of famine, evolution developed mechanisms to store energy in presence of food increasing
survival chances during its absence.

However, as our dietary entourage changed over time, the evolutionary benefits of
nutrient storage adversely rebound. Mainly from the industrial revolution onwards,
availability of food and ease of access progressively increased. A consequent gradual rise of
mean body weight and limitation of the population proportion that lived under conditions of
malnutrition (at least in the developed countries) followed. This decisively contributed not
only to improvement of survival rates but also productivity, thus busting social progress. The
rising trajectory of mean weight was sustained throughout 19" century, as well as the 20"".
At this time point, conjointly with medical advancements both on preventive and
therapeutic level, the plateau of genetic limits for height growth was reached and so
immoderate weight gain started gaining ground. In the last decades, weight gain as a

consequence of sustained overnutrition galloped forming worldwide an epidemic of obesity.

Definition, classifications and basic assessment indices

Obesity is characterized by abnormal or excessive accumulation of fat, the basic unit
of nutrient energy storage, at an extent that constitutes a health hazard". It was recognized

as a disease and consequently included in the International Classification of Diseases (ICD) by
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the World Health Organization (WHO) in 1948, the exact year that the organization was
established. This fact emphasizes the importance of the obese and overweight condition as a
threat to global health. In the current 10" 1CD edition, obesity holds code E66 under chapter
IV, which is dedicated to endocrine, nutritional and metabolic diseases®. The disability and
shortened life span associated with it are consequences of a wide spectrum of medical co
morbidities, and so obesity constitutes a major risk factor for at least two of the four main
non communicable diseases (NCDs) according to WHO: diabetes and cardiovascular disease>.
Quantification of overweight and obesity states is usually based on the Body Mass Index,
which corresponds to the quotient of an individual’s subject body weight in kilograms to the
square of his/her height in meters.
BMI = (weight in kg)/ (height in m)?

For example, the BMI of an adult who weights 65kg and whose height is 1.70, is 22.5.

BMI = 65kg/(1.70)%= 65/2.89 = 22.5 kg/m?
Based on the degree at which health complications and morbidity are associated to obesityl,
WHO has set BMI cutoffs to classify underweight, normal weight, overweight and obesity in
adults (figure 1). According to them, a person with BMI under 18.5 is considered
underweight, a BMI of 18.5 to 24.9 indicates optimal weight, a BMI equal or greater than 25
constitutes overweight, while a BMI equal or greater than 30 falls into the obese category®.
Due to its ease of use (requires only a balanced beam scale for weight measurement and a
non-stretchable measuring tape for height measurement) and simplicity (quick calculation
that produces a single, easily conceptualized numeric result), BMI is one of the most widely
used indicators of excess weight. The fact that its values apply to both sexes and are age-

independent, at least for adults”, also adds to its merit. Accordingly BMI is used in a variety



Obesity | 3

of contexts, including clinical practice for individual diagnosis, calculation of ideal weight and

set of medical goals®.

Low

Underweight <18.50 (but risk of other health

problems increased)

Severe thinness | <16.00

Moderate
16.00 - 16.99
thinness

Mild thinness 17.00 - 18.49

Normal range 18.50 - 24.99 | Average
>23.00
Ove rweight >25.00 (for populations of smaller statue e.g.
Asian, health complication risk is increased
at 23kg/m’instead of 25kg/m?
Pre-obese 25.00-29.99 | Increased
Obese >30.00 >27.50
Obese class | 30.00 - 34.99 | Increased (moderate)
32.50
Obese class Il 35.00 - 39.99 | Increased (severe)

Increased (extremely | 37.50
Obese class Il 240.00

severe)

Figure 1. International BMI cut-off points for the classification of adults as underweight,

overweight or obese and relative corresponding complications risk. Additional points for



public health action, taking into account populations of smaller statue (e.g. Asian

populations). Adapted from WHO .

However, as this index was originally developed for population studies®, it does not
take into account body composition, thus factors such as muscle content/weight, bone
density, cartilage, body hydration and most importantly fat proportion are not taken into
account. For example highly trained athletes with limited fat percentage yet high weight due
to overdeveloped muscle tissue may be characterized as overweight or even obese based on
their BMI (figure 2). On the other hand, this index could also be misleading for children and
elderly, who might be falsely classified as underweight due to fluctuations in bone density

and consequently to variable ratio of bone to total weight’.

BMI = 31.7 . BMI = 31.7
DEXA scans
of two
individuals
with the

same BMI.

Muscle Mass: 88.7kg
Fat Mass: 13.8kg
Bone Mass: 3.8kg
Body Fat: 13%

Total Weight: 106.3kg
Height: 1.83m

Muscle Mass: 69.5kg
Fat Mass: 25.8kg
Bone Mass: 2.8kg
Body Fat: 26.3%
Total Weight: 98.1kg
Height: 1.76m

Figure 2. Differences in fat mass
guantity between two individuals of

the same BMI.



Another limitation of BMI cutoffs is that they were developed using Caucasian
population standards®. Moreover, it is known that the health consequences of obesity are
related more closely to fat accumulation than to overall weights. It was therefore argued
that BMI cut off points may underestimate health risks faced by certain populations of
bigger (e.g. native Australian Aboriginals population)’ or smaller (e.g. east Asian

1011 stature, given that different ethnic groups do not share the same body fat

populations)
composition. Taking into account those concerns, WHO convened an Expert Consultation,
which concluded that the current WHO BMI cut off points should be retained as an

Ill

international classification system, but should be used along some additional “points of
public health action” (points of 23, 27.5, 32.5, and 37.5 kg/m?; figure 1). Hence meaningful
comparisons of fat accumulation within certain populations but also between divergent
populations are still feasible?.

Overall, despite its limitations BMI remains a crude but valuable mean for assessing
obesity, allowing identification of increased morbidity risk and intervention priorities,
primarily at the population level and secondarily in individual patients. BMI data also
facilitates the creation of a sound basis for evaluation of interventions implemented for
prevention and management of obesityl.

Another crucial aspect that BMI fails to address is body fat distribution. It is well
known, that the disorders associated with obesity do not solely and linearly relate to total
quantity of excess fat but more importantly to its dispersion through the body™**.
Significant fat accumulation can be present both subcutaneously and viscerally, enveloping
the internal organs (figure 3).

Body fat centralization is an aggravating risk factor on its own account and individuals

with surplus in the abdominal depots have consistently been found to be more susceptible
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to the deleterious metabolic consequences of obesity compared to those with higher

1314 Therefore, a distinction between two

proportions of subcutaneous fat accumulation
types of obesity is useful: a) the more “dangerous” visceral or abdominal obesity,

characterized by fat buildup in the trunk (especially around the waist not only

subcutaneously but also intraperitoneally) and b) the metabolically less “threatening”

A B Android Gynoid
Visceral/Abdominal  Peripheral/Gluteofemoral
Obesity Obesity

.~ Subcutaneous fat

Visceral fat

Subcutanoous
s

- Stomach
Liver
Abdominal
cawnty

Kicdvry
Gaht bladder

Calon
Intra abdomnal

Small intestine ot

APPLE SHAPE PEAR SHAPE

Figure 3. Subcutaneous and visceral fat accumulation (A) and typical distribution of android

and gynoid fat (B).

peripheral or gluteofemoral obesity, which is distributed more circumferentially and
uniformly throughout the body, wherein fat is mostly found bellow the skin in the gluteal
and femoral regionsls. Those two anatomically based classifications of obesity are also
referred to as android and gynoid obesity, respectively, suggesting that the first form is

preponderant in men and the latter in women, although the two types may occur in both



sexes™®. As shown in figure 3, android or “apple” shape obesity is heavily localized above the
waist while gynoid or “peach” shape obesity below the waist. Estimation of body fat
centralization is therefore important and clinical practice relies on two measurement
indices:

a) Waist-to-hip ratio (WHR): Values above 0.90 for men and 0.85 for women indicate
excess abdominal fat and are defined as cut off criteria for the diagnosis of Metabolic
Syndrome (MetS) according to WHO'’

b) Waist circumference: National Cholesterol Education Program (NCEP) of National
Institutes of Health (NIH, USA) guidelines state that waist circumference should be measured
at the top of the iliac crest and values greater than 102 cm for men and 88 cm for women
are considered to be a significant indicator of abdominal obesity and a basic criterion for
metabolic syndrome (MetS) diagnosisls. The International Diabetes Federation (IDF) further
lowers those values for men and also takes into account populations geographic
characteristics. Thus, for men and women of European origin the cut off points are set at
>94cm and >80cm respectively, while for South Asians, Chinese and Japanese are set at

>90cm and >80cm respectivelylg'20

. Use of those two indices is complementary to BMI and
provides additional information for the estimation of metabolic risks stemming from obesity.

There are various other tools, apart from the anthropometric assessment methods
previously presented, that are useful for measuring body fat in certain clinical situations and
in obesity research. Obese individuals can be characterized by measuring body composition,
anatomical distribution of fat, energy intake, and insulin resistance, among others. A list of
those characteristics of obesity considered suitable for measuring in genetic studies also,

. . . 21 . .
have been agreed and summarized in figure 4°°. Measures in a given category are not

necessarily of equal validity.



8 |

Body composition BMI; Waist Circumference; Underwater weighting;
dual-energy X-ray absorptiometry (DEXA); isotope
dilution; Bioelectrical impedance; skinfold thickness

Anatomical distribution of fat Waist circumference; WHR; Computer tomography;

Ultrasound; Magnetic resonance imaging
[13

Partitioning of nutrient storage C] palmitic acid; extended overfeeding challenge

Energy intake “Total” by prospective dietary record or recall;
“Macronutrient composition” by prospective dietary
record or recall or by dietary questionnaire

Energy expenditure “Total” by double-labeled water; “Resting” by indirect
calorimetry; Physical activity level (PAL) by
guestionnaire; Motion detector; Heart-rate monitor,
etc.

Figure 4.Aditional tools for the assessment of obesity. Source: WHO, 2000%

Epidemiology

Although obesity as a medically adverse condition is a relatively “young” problem,
having appeared on the global health scene during the last 100 years, it has been escalating
worldwide in accelerating rhythms. In 1997 WHO officially recognized obesity as a global
threatening epidemic1 and in the turn of the millennia a historic point in human evolution
was reached, when the number of overweight adults exceeded for the first time ever the
number of those characterized as underweight®. Up until mid 20t century, obesity was a
health challenge affecting primarily high-income countries, mostly United States and central-
north Europe'. Therefore obesity was considered a condition consequent to high
socioeconomic status. In the last decades thought, a dramatic increase of obesity prevalence
in populations of most middle-income and many low-income countries, such as Mexico,

3,24

China and Thailand, has changed this perception2 . Prevalence of obesity appears to follow

a predictable rising pattern in those regions: At first it is the higher socioeconomic strata



living in urban areas that succumb to abnormal weight gain, but as a country’s gross
domestic product rises, this trend gradually reverses and the prevalence of obesity becomes
higher in the low socioeconomic level and rural areas. It has been grossly estimated on the
basis of cross-sectional and some longitudinal studies that obesity rates rose by as much as

2324 Countries with

60% in countries of intermediate development in the last ten years
emerging economies, now more than ever face a “double burden”: while infectious diseases
and undernutrition still remain serious public health concerns, extensive exposure to low
cost but energy-dense and nutritionally poor food has led to a simultaneous overweight and
obesity rise®.

The latest estimation of WHO in 2008 for global overweight and obesity reported
35% of the adult population being overweight and 11% obese. In absolute numbers, those
figures correspond to 1.4 billion people exceeding normal weight limits, with more than 500
million of them being obese (over 200 million men and nearly 300 million women)>.
However, in a more recent systematic analysis26 continuous proliferation of obesity both in
developed and developing countries provides an even more overwhelming illustration of the
problem affecting adults globally. The number of overweight and obese individuals in 2013
reached 2.1 billion, an increase of 27.5% between 1980 and 2013. At the same period, male
overweight and obesity combined increased from 28.8% to 36.9%, while respective
proportions for women were 29.8% to 38.0%.

Additionally, the global map of obesity for men and women shows extreme values of
obesity rates in Middle East and the island states of the South Pacific, with obesity exceeding

50% in men in Tonga and in women in Kuwait, Kiribati, Federated States of Micronesia,

Libya, Qatar, Tonga, and Samoa (figure 6).
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Figure 5. Trajectories of age-standardized prevalence of overweight and obesity and
obesity alone by sex, for adults aged 220 years during 1980 to 2013. Source: Ng et
al., 2014%°,
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Figure 6. Global, age standardized prevalence of obesity (BMI > 30kg/m?), ages > 20 years in

men (A) and women (B) in 2013. Source: WHO, 20147,
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While rates of obesity are on the rise in both developed and developing countries,
last year the relative prevalence of obesity among women was higher than among men
(figure 5). As shown by up to date data®® from 10 member countries of the Organization for
Economic Co-operation and Development (OECD), a frail stabilization of the overweight and
obesity rates was noted in England, Italy and the United States, while there was a moderate
increase in Canada, Korea and Spain. Still, taking into account that growth of obesity
numbers remained vigorous in France, Mexico, Australia and Switzerland, and that currently
more than one in three adults in Mexico, New Zealand, United States, and more than one in
four in Australia, Canada, Chile and Hungary are obese, the epidemic seems far from

restrained (figure 7).

30 20 10 0
% of population aged 15 years and over % of pooulation aoed 15 vears and ower

Figure 7. Adult obesity rates in Greece in comparison to OECD member-countries in 2012 or

nearest year. Source: Organization for Economic Co-operation and Development, 20147,



Weight increase related problems do not only infiltrate ever more countries and
lower economic layers but also ever younger ages. With rising childhood obesity rates it is
estimated that over 170 million children can be classified as overweight or obese world-
wide, including more than 40 million children under the age of 52. Notably these rates are
rising faster in developing countries. The percentage of overweight/obese boys and girls
exceeds 30% in several western countries (figure 8) with numbers projected to reach 70

million by 2025%.
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Figure 8. Childhood obesity rates (aged 5-17 years) in Greece in comparison to OECD
member-countries in 2010. Source: Organization for Economic Co-operation and

Development, 2014%.
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In Greece, although accurate recording and reliable nationwide data have only
recently begun to emerge, obesity is also a serious public health problem. In the first
national epidemiological research?’ conducted in 2003, overall prevalence of overweight and
obese were 35.2% (41.1% in men, 29.9% in women) and 22.5% (26% in men, 18.2% in
women), respectively. Men did not differ in obesity rates across ages, in contrast to women
who showed a progressive tendency to higher BMI scores with increasing age. Interestingly,
women exceeding abdominal obesity cut offs outnumbered men (35.8 vs. 26.6%,
respectively), especially after menopausal age. A few years later in 2008, WHO estimations*°
for adult obesity (> 20 years old) in Greece revealed a much more aggravated picture for
overweight (53.7% overall, 59.7% among men and 47.9% among women) and obese
individuals (20.1% overall, 20.4% in men and 19.9% in women). Forecasts (2010-2013) in the
same report were menacing, bringing the estimated percentage of obese individuals to 32%
by 2020, and 42% by 2030.

Adolescent and childhood obesity present an even more ominous picture, with
Greece ranking first in childhood obesity among OECD countries®® (figure 8). According to
WHO, 32% of 15 year-old boys and 14% of girls in 2010 were overweight, while for 13 year
olds the corresponding numbers were 34% and 19%, respectivelySl. In the ages 1 to 12 years

a recent meta-analysis>> estimated prevalence rates of 23.7% and 10.2% for overweight and

obese children.

Obesity causes

The term "obesity" derives from the Latin "obesitas", with its first component “ob”

meaning a lot, excessively, and the second being the past tense “esus” of the verb “edere”,
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meaning to eat, to nourish. Therefore, this etymological interpretation describes the first
part of the basic mechanism that gives rise to obesity development: excessive food intake.
Along with its second part, low energy expenditure, a fundamental concept for obesity
emerges: energy equilibrium (figure 9), which states that maintenance of a stable weight

status depends on the long-term balance of those two parameters™.

Physiology <——> Behavior <—> Environment

SN \u{ PR
Weight

Maintenance

Energy
Expenditure

time
2
o
-3
E

Obesity

Figure 9. Energy equilibrium. Adapted from Knecht, 20083,

Although, this interpretation is biologically true, we now know that obesity is a much
more complex condition than lack of self control in food consumption and low compliance to
recommendations for daily physical activity®. In agreement with our evolutionary past of
scarce nutrient availability, endocrinological advancements have shown that in order to
increase survival chances, human organism has evolved a tendency for energy hoarding i.e.

the hypothalamic mechanisms regulating appetite and satiety, favor appetite and the
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orexiogenic nuclei of the hypothalamic arcuate nucleus are more potent than the anorectic
ones. With this in mind, the recent tremendous changes in our nutrient environment
become even more important determinants of the energy balance dysregulation.

Ease of access and widespread availability of food is a contemporary reality exposing
the individual to continuous stimuli for food consumption. However, the ensuing high
frequency of meals is not always associated with adiposity increase®. It is the nutrient
quality of food consumed, believed to contribute much more to obesity development with
trans fats, refined carbohydrates and low fiber content increasingly being part of the dietary
choices of modern people. This is part due to the high palatability of this type of food, a fact
often depicted in the preference for away-from-home snacks over full meals. It is also
important that high-caloric meals do not trigger the stomach satiety reflexes in contrast to
diets of high fiber content like the Mediterranean diet. Food industry and advertisement
strategies further favor such unhealthy dietary options, as processing which typically
overloads such food with “hidden” fat, salt and/or sugar, increases their market value (e.g.
potato chips sell for much more than potatoes). Furthermore, there is an increase in the
food quantity consumed per meal, evident especially in the US food market with larger sizes
of products available in supermarkets, bigger portions in restaurants, even bigger portions in

3638 Overall, all of this

home with steadily increase in the surface of the average dinner plate
external factors contribute to a dramatic increase in caloric intake®”.
On the other hand energy output is decreased. Contrary to common belief, extensive
consumption of calories through physical activity is difficult and the modern sedentary
lifestyle of mechanization and automation have sharply reduced even further the amount of

energy required to spend in basic survival activities, work and entertainment. In most

developed countries, working patterns augment long engagement with computers and



increase dependency on prepared food, usually purchased and not prepared at home, while
built environment encourages long commutes, car use instead of walking and restrict leisure
time and space for outdoor physical activity24. Stress and sleep deprivation, common
characteristics of the westernized life style also add up in weight up gain. Moreover,
addiction on TV and online social networking from an early age, has been found to keep
people indoors, creating a fertile ground for obesity development?’. Longer life span (rate of
calorie consumption decreases with age advancement) and further spreading of westernized
lifestyle in more and more cultures promote global obesity rates rise.

Of course genetic factors are not to be overlooked. Whole families are affected by
obesity and chances are that a child with one or even worse both parents being obese, is
also going to grow obese. Familial predisposition is certainly reinforced by adoption of
unhealthy dietary and sedentary patterns that might prevail within a family. Finally, many
diseases and syndromes phenotypically result in increased adiposity e.g. Prader-Willi
syndrome, while certain drugs may also enhance weight gain such as for example old type
contraceptives, antidepressants or steroids.

Overall, obesity can be conceptualized as a failure of innate metabolic control
mechanisms to counteract an overwhelmingly food abundant and life-sedentary promoting

environment*®,

Medical consequences of obesity

An exhaustive body of literature links overweight status and obesity to premature
death and serious morbidity. Around 3.4 million deaths annually are attributable to
increased body weight, more than those attributed to insufficient nutrition. With an

estimated overall reduction of life expectancy by 8 to 10 yearsAZ, and an approximately 30%
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increase of premature death risk for every 15 kilograms of excess weight gainzs, obesity has
been ranked as the sixth largest cause of death and disability-adjusted life years (DALYs; sum
of years lived with disability and years of life lost) after considering the independent effects
of 67 different risk factors*®. The earlier the onset and the greater the severity of obesity, the
greater the risk for co-morbidities to emerge.

The most life-threatening chronic conditions associated with raised BMI are Diabetes
Mellitus Type 2, cardiovascular disease and associated conditions, resulting mainly in stroke,
ischemic heart disease and certain types of cancer, especially hormone dependent cancers?’.

Diabetes Mellitus Type 2 (T2DM) and prediabetes: BMI exceeding normal cut offs,
central adiposity and rapid weight gain consist major factors for T2DM development™. The
last decades, diabetes prevalence is in constant growth® and while in 2013 382 million
people suffered from the condition, the number is projected to reach 592 million by 2035,
Diagnostic criteria include physical symptoms, such as polyuria, polydipsia and unexplained
weight loss, in addition to one of the following: a random venous plasma glucose
concentration >11.1 mmol/l or a fasting plasma glucose concentration >7.0 mmol/I (whole
blood >6.1mmol/l) or two hour plasma glucose concentration > 11.1 mmol/I two hours after
75g anhydrous glucose in an oral glucose tolerance test or an Haemoglobin Alc (HbAlc) of
>48 mmol/mol (6.5%)" .

Dyslipidemia, in particular diabetic dyslipidemia, which is characterized by elevated
levels of triglycerides, reduced high-density lipoprotein (HDL) cholesterol concentration and
a change towards small dense low-density lipoprotein (LDL)*. Dysilipidemia®®, constitutes a
leading risk factor for the development of cardiovascular disease (CVDs)*.

Hypertension, defined as persistent resting systolic/diastolic blood pressure >140/90

51,52

mmHg™ is closely related to obesity and unsurprisingly follows a parallel upward trend,



affecting more than a quarter of the world’s adult population in 2000, while a 30% increase
in prevalence until 2025 is predicted53.

Cardiovascular diseases include cerebrovascular disease, peripheral arterial disease
(PAD) and coronary heart disease (CHD)>*. In particular, CHD incidence in obese individuals is
almost 50%-70% greater over 3- to 14-year periods than in normal-weight persons™.
However the connection between central adiposity and CHD is multifactorial and thus
complex. According to some investigators their link is mediated by raised rates of diabetes,
hypertension and dislipidemia, whereas others emphasize the direct, independent impact of
obesity’® 2. In line with the latter, the American Heart Association has classified obesity as
an independent major risk factor for CHD*’.

Metabolic syndrome (MetS) comprises a constellation of risk factors, whose co-
occurrence exponentially increases the probability of developing CVDs and diabetes®.
Abdominal obesity holds a crucial role in the diagnosis of the syndrome, which requires the
presence of at least two of the following signs: elevated blood pressure, elevated fasting
plasma glucose, high serum triglycerides, and low high-density cholesterol (HDL) levels®®2,

Cancers: there is also a possible association of excess body fat with certain types of
cancer, mainly endometrium, breast, renal and colon cancer®,

Non alcoholic steatohepatitis (NASH): Increased fat deposition in the liver due to
obesity might lead to a spectrum of hepatic abnormalities, ranging from isolated steatosis
(triglyceride accumulation) to steatohepatitis (steatosis with inflammation, i.e. NASH),
steatofibrosis, which sometimes leads to cirrhosis, hepatic failure and hepatocellular
carcinoma®. NASH prevalence in the general population is 2.1-6.3%, rising to 9-40% in obese
individuals and following the obesity epidemic, constantly gains ground as a causing factor of

hepatic cirrhosis®.
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Non-lethal but aggravating health conditions associated with obesity also include:

Obstructive Sleep Apnea (OSA): Obese patients are at increased risk of sleep apnea, in
which the transient occlusion of the upper airways leads to episodes of shallow breathing or
pauses in breathing. The interrupted nocturnal sleep leads to poor sleep quality, daytime
sleepiness, headaches, hypertension and finally to pulmonary hypertension and right heart
failure. Diagnosis is based on findings of a sleep study and classified as mild (5 to 14.9
events/sleep hour), moderate (15 to 29.9 events/sleep hour) and heavy (> 30 events/sleep
hour)°®®.

Osteoarthritis and musculoskeletal problems: Supportive joints, especially in the
knee, hip and lumbar spine, are overloaded as a result of increased body weight. Stress
progressively wears the joints off, causing pain and loss of function, leading to the
development of osteoarthritis and low back pain in younger ages and at greater degree of
deterioration in comparison to normal weight population67.

Other health problems that obese patients are more likely to develop are gallbladder
disease, lymphedema, gastroesophageal reflux disease, prothrombotic state, incontinence,

68,69

erectile dysfunction, infertility”"", menstrual disorders, and increased risk of complications

during pregnancy and deIivery7°.



1.2 Cognition and obesity

Obesity impacts all organs of the human body and brain is not an exception. Thus,
apart from the well-known obesity comorbidities, a relatively new aspect of its adverse

effects is increasingly gaining research interest: compromised neurocognitive function.

Cognition and its main domains

Cognition encompasses several psychological functions including all aspects of
perception, thought, language, and memory’’. The study of such a complex and
multifactorial concept is facilitated by its division into different domains, each accessed
through a wide variety of neuropsychological tests. The following presentation complies with
the categories suggested by Lezak’® and Straus’®, both well recognized references within
clinical neuropsychology.

General cognitive performance: a crude picture of global cognitive function assessed
mostly by brief dementia screening tests (e.g. Mini Mini Mental State Examination).

Memory: Long term or secondary memory (storage and retrieval of information over
a long period of time) and short-term or primary memory (temporarily recall of information
currently at use). Episodic (memorization of personal experiences and specific events in their
spatio-temporal context) and semantic memory (general factual knowledge e.g. meanings,
concepts, historic events).

Working memory: a component of primary memory, yet a wider concept referring to
the ability to retain a small amount of information in mind in an active, readily-available

state in order to perform mental operations.



22

Language: confrontational word retrieval (naming ability), receptive vocabulary
(word meaning consolidation) and verbal fluency (ease and quantity of spontaneous speech
production under semantic and phonemic constrains).

Attention: sustained (ability to focus and remain receptive over a continuous time
period), selective (blocking of irrelevant to the task at hand stimuli) and divided (efficient use
of attentional resources in order to attend simultaneously multiple tasks).

Psychomotor performance and speed: ability to coordinate sensory perception,
cognitive process and fine motor coordination performance.

Visuo-spacial perception and spatial construction: organization and interpretation of
sensory information enabling perception of the environment or recreation of designs.

Finally, executive function is an umbrella term that encompasses a diverse range of
self-regulatory cognitive processes that supervise and coordinate other cognitive sub-
processes (e.g. memory, language, motor functions) in order to adaptively respond to novel
situations through complex goal-directed thought and action’. Importantly, working
memory and attention have also been suggested to be part of the central executive’>’®.
Such presumed, higher order cognitive functions include’”:

Inhibition, the capacity to suppress, when required, automatic, habitual responses
that are considered inappropriate in a given context and impede other desired behaviors.
Cognitive tests such as Stroop or Go No-Go tasks challenge this ability.

Mental flexibility or shifting, that involves rapid and flexible switching from one
cognitive or behavioral strategy to another as required in the Trail Making Test part b or the
computerized Attention Two Strategies.

Fluid reasoning and problem solving, referring to the ability to use abstraction,

demonstrate flexibility and invent novel strategies to form concepts, as well as employment



of critical evaluation and selection of a sequences of actions in order to reach a specific goal.
Tower of London task is an example of assessing this executive domain.

Decision making and delay discounting, encapsulates the ability to choose the best
possible solution or action from a range of alternatives that present a degree of risk, while in
position to dynamically update decisions according to new information being available.
Delay discounting refers actually to the reward sensitivity of an individual and the degree of
immediate rewards outweighing delayed larger gains, a constituent underpinning decision
making.

Regarding their neuroanatomical substrate, executive functions are believed to be
largely mediated by frontal brain regions, in particular the prefrontal cortex, although in
connection with various other regions of the brain such as the parietal lobes, the basal
ganglia and other subcortical structures’®. Impairments in executive functions are
manifested as poor judgment, difficulties in planning and managing everyday problems,
inattention, lack of motivation, limited ability to control impulses, euphoria, echopraxia or
echolalia etc. Severe deficits in those functions may comprise a “dysexecutive syndrome”
and may be encountered in a wide facet of psychiatric and neurological disease entities (e.g.
Attention Deficit Hyperactivity Disorder [ADHD], autism, schizophrenia, major depression
etc.)”>%°.

Executive function and especially working memory, closely relates to yet another
concept addressed within neuropsychological evaluation: fluid intelligence (Gf). As opposed
to crystallized intelligence (Gc), which is the ability to utilize one’s knowledge and skills
accumulated through lifetime experience and learning processes®, Gf is the capacity to
reason, decipher novel situations and abstract information through identification of

underlying patterns and relationships, and to generate solutions independently of previously
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acquired knowledge81. Gf includes inductive and deductive reasoning and along with Gc
constitute general intelligence (g)82, sometimes also mentioned as intellectual functioning, a
construct purporting to measure hypothesized global cognitive ability72. Frontal lobe
function has also been implicated in Gf, with frontal lobes integrity being an important key
element for successful performance in related tasks®, in contrast to measurement of
crystallized intelligence where involvement of frontal lobes seems neither more nor less
than that of the other lobes®® Undoubtedly, executive function, working memory and Gf are
highly correlated®, a fact that has given rise to suggestions that they are actually identical

concepts®®, thought such arguments have been opposed by other researchers %%,

Cognition and medical consequences of obesity
Obesity induced medical pathologies, especially cardiovascular risk factors such as

T2DM, hypertension and dyslipidemia were early recognized as major causative pathways

90-93

leading to cognitive degradation and dementia . Hence, their role as generators of or

contributors to cognitive impairments related to raised BMI has been extensively studied.
Type 2 Diabetes Mellitus: Results from the vast majority of relevant large-scale

longitudinal studies agree that diabetes significantly increases the risk of cognitive decline

94,95

and dementia in late life”™”>, with Alzheimer’s disease being the predominant type (e.g.

91%°, 82.5%°’) and Vascular dementia following®. Retrospective analyses of the probability

of developing dementia among diabetics in comparison to healthy persons estimate a two to

97,99

three-fold risk increase while impaired fasting glucose and diabetes has been associated

100
.In

with Mild Cognitive Impairment (MCI)®’, which in itself is a significant risk for dementia
a systematic review of prospective studies, performance changes on cognitive tests over

time for patients with diabetes were estimated between 1.2 to 1.5 times greater than the



comparison healthy groupsml. Moreover, participants who were diagnosed in end-time-
point assessments with cognitive decline, were 1.2 to 1.7 times*®* more likely to belong in
the diabetic group at baseline than non-diabetics. Overall, diabetes was found to have a
triple risk action with 1.5-fold greater risk for cognitive decline, a 1.2 to 1.5 faster rate of
decline and 1.6-fold greater risk for dementia development™’. Importantly, cognitive
dysfunction has been linked with glycosylated hemoglobin index (HbA1lc), an indicator of
long term glycemic dyscontrol, not only in elderly*®® but in middle aged individuals as well*®.
Further research suggests that the increased risk of cognitive dysfunction is probably not
mediated by the effects of diabetes on cardiovascular disease development'®. Thus
cognitive dysfunction may be evident long before the emergence of overt cardiovascular

complications among adults with insulin resistance (pre-diabetes)’®®’

and among obese
children with T2DM'®,

Learning and memory are the most frequently reported cognitive domains affected
by T2DM-related factors in adults, unlike patients with type 1 diabetes that rarely present

106

with such deficits™". Lower scores on mental and motor speed test, as well as executive

tests have also been reported for T2DM patients in comparison to healthy adults, but it has

103, while the

been argued that such deficits are evident in younger ages (34-65 years old)
most commonly identified memory impairments associated with T2DM, especially in verbal
memory, is manifested in patients over 60-65 years of age'”. Unsurprisingly, in older
populations nearly all cognitive domains seem to be at risk'.

A wide range of endocrine, metabolic and vascular dysfunctions may explain the
impact of diabetes on cognitive function, including neurotoxicity (glucose toxicity), changes

in insulin and amyloid metabolism, increased oxidative stress, and chronic low grade

inflammation diagnosed by an increase of several acute phase proteins including C-reactive
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protein (CRP) as well as by the cytokines interleukin 6 (IL-6), and tumor necrosis factor a
(TNF—a)lOG. Nonetheless, a causal relationship still remains unclear and further research on
the matter is warranted. Despite the well-established association, there is no firm data yet
that glucose lowering treatment positively affects cognition in this populationlog'lm. Albeit,
there are some promising findings that antidiabetic therapy, especially oral therapy, may
mitigate cognitive deficits™'*.

Hyperlipidemia: Increased serum total cholesterol often accompanies obesity and is
one of the key modifiable risk factors for CVDs. In most cross-sectional and prospective
studies elevated cholesterol levels were associated with heightened cognitive decline or
dementia risk*'?; in some even after adjusting for the effects of other vascular risk factors.
However, contradictory results were obtained by other studies, where puny or no such

113,114
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associations were foun and no differences were detected in serum total cholesterol or

hyperlipidemia between AD, VaD and dementia-free subjects“s. Also, in a large population
based study, most participants presented progressive decrease in total serum cholesterol
over a 21 year time period but moderate decrease from midlife to late life was found to add
up in the risk of having a more impaired late-life cognitive profilem. Importantly this finding
remained significant after adjusting for confounders such as sociodemographic variables,
APOE €4 genotype, history of cardio/cerebrovascular conditions, and lipid-lowering

116

treatment . Additionally, increased total cholesterol measurements at ages 70, 75, 79 were

positively associated with preserved cognitive capacity over the following decade in a
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community dwelling elderly cohort™’. Therefore, it has been suggested that it is midlife

elevated total cholesterol that threatens cognition in late life, whereas late onset elevated

118,119
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cholesterol in the elderly may play a protective role for brain healt . Literature on

statins and their impact on cognition has also provided conflicting results. Several reports of



adverse effects, primarily communicated by observational studies, contradict the majority of

randomized controlled studies, were statins had either a neutral or a beneficial cognitive

effect!?®

. Therefore, given the vascular benefits of their use, suspicion of secondary cognitive
impairments should not lead to their discontinuation, rather to a switch to a less lipophilic
form of statin, which may prevent crossing of the blood-brain-barrier (BBB) and reduce
possible cognitive complications*.

Hypertension: Obesity causes blood pressure (BP) elevation, a key vascular risk factor
with well-established adverse effects on cognition. In a series of longitudinal studies midlife
hypertension (around age 50) has been associated with increased cognitive decline 20 to 25

123

years later. For instance, in the Framingham®?? and Killander et al.’s study*** midlife initial BP

measurements, especially among individuals not receiving antihypertensive treatment, were
found to negatively correlate with cognitive capacity after 12-14 and 20 years, respectively.
Moreover, examination of the BP-cognition relationship in older hypertensive patients (65

years average age) revealed a 2.8-fold greater risk of cognitive decline emergence over the
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much smaller monitoring period of 4 years™*". MCI status in later life was not significantly

associated with middle age raised systolic BP by its own virtue, but when combined with

125
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high total cholesterol the risk of MCl emergence was doubled™*°. Dementia, either AD or

VAD has also been recognized as a highly probable outcome of long-standing elevated BP%.
In a retrospective study, dementia risk after 30 years was estimated at 24%, with entry age
of hypertensive participants at 40 to 44 years'?’. However, just like the obesity-cognition
association, the relation between hypertension and cognition is not a linear one, given for

8

instance that BP may drop when AD develops*®® and this decline depends on dementia

.12
severity'? .
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Obstructive Sleep Apnea: Combined with excessive daytime sleepiness, OSA patients
frequently complain for reduced alertness, short-term memory problems and lack of
concentration®®. Indeed, chronic sleep fragmentation and intermittent hypoxemia due to

nocturnal shallow or paused breathing, have been associated with impairments in attention,

131

episodic memory, working memory as well as executive functions™ . When compared to

healthy controls, OSA subjects exhibit lower scores on digit backward tests** and other

working memory measures'**, more lapses and longer reaction times on attention/vigilance

134-136

tasks and tests of inhibition**?, increased number of impaired decisions **’, more steps

and time needed for solving problems®®?, as well as reduced mental flexibility and fine visual-

motor coordination*******°_ Language is much less commonly and severely affected™****~

12 Implementation of continuous positive airway pressure (CPAP) as a treatment method

3

significantly improves attention, vigilance and memory problems”’, though executive

2

difficulties improve only to a small or moderate degree14 and negative findings on
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psychomotor speed and fine coordination do not seem to be attenuated™". However, even

in cognitive domains where significant improvement is observed, studies have shown that

complete normalization of performance is not achieved 38141145

, suggesting that OSA, mostly
as a result of repetitive hypoxemia, may permanently disrupt the endothelial and neuronal
integrity of the brain areas™*® associated with the aforementioned functions.

To conclude, there is strong evidence that medical conditions resulting from excess
body weight are associated with increased risk of cognitive decline and dementia. However,
their co-occurrence, shared consequences (e.g. atherosclerosis) and interactions with
normal aging processes, which still remain the primary risk factor for cognitive degradation,

obscures efforts of distinguishing their independent impact on brain health. Some reviews

report an approximately 1.5 risk of dementia for each of these factors'*’, while others
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conclude that diabetes and hypertension are more clearly related to poor cognitive

148

outcomes with moderate effect sizes for all risk factors™". Moreover, research on reduction

of cognitive decline and dementia risk through drugs used on vascular risk factors treatment

has not given conclusive answers yet149.

Evidence of cognitive impairment independently of obesity medical consequences

In the early stages of research on obesity, adipose tissue was viewed solely as an
energy store and high-profile findings regarding the relationship between cognitive decline
and CVD risk factors undermined notions that obesity affects health directly. Instead, the
predominant idea was that obesity merely predisposes for or aggravates the effects of
diabetes, hypertension, high cholesterol, OSA and other obesity associated health risk
factors (e.g. smoking)lSo. However, recently accumulating evidence suggests that the poor
performance of obese individuals on neuropsychological tests may occur irrespectively of

those physiological consequences151

. Studies, adjusting for metabolic, vascular risk factors
and other neurocompromising variables have contributed significantly to this direction,
revealing obesity-related impairments in several cognitive domains.

Memory and learning functions were naturally at the center of interest. For instance,
episodic and semantic memory were accessed in a large, population based, cross-sectional

132 \which recruited middle aged (35-55 years), “young-old” (60-70 years) and “old-old”

study
(75-90 years) normal-weight and overweight participants (BMI > 25 or WHR> 1.0 for men
and 0.8 for women). Patients with dementia, diabetes and hypertension were excluded in
secondary analyses in order to compare the effect of obesity with and without those

confounders. Overweight persons scored lower on episodic memory tasks in relation to their

normal-weight peers, but this difference was attenuated after controlling for hypertension.
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In contrast, similar findings on semantic memory remained significant, across all age groups
even after adjustments. Verbal list-learning capacity was examined cross-sectionally in a
large sample (aged 21 to 82 years), rigorously screened for medical conditions known to
affect cognitive function (i.e., cardiovascular disease, diabetes, neurological disorders and
head injury). Both immediate and delayed recall and recognition was found to be impaired
among obese participants. Notably, the magnitude of these differences did not appear to
vary with age. Similar results were found in another prospective large-scale study of 2.223
apparently healthy men and women (aged 36 to 62 years at the time) tested twice over a 5
year period™>. Controlling for sex, educational level, blood pressure, diabetes and certain
psychosocial variables, analyses revealed that higher initial BMI was associated with lower
memory performance at baseline and greater decline (number of words recalled) at follow
up. Over time BMI changes were not associated with cognitive fluctuation.

Apart from verbal, visual memory abilities were also examined in relation to different
obesity indices (BMI, WHR, WaistC) making use of data coming from the Baltimore
Longitudinal Study of Aging154. Cross-sectional results showed that in this cohort of
community dwelling volunteers (average age 55.5 years, range 19-93 years), BMI and WaistC
were associated with lower performance on one of the two verbal memory tests utilized,
while BMI and WHR were negatively associated with scores on the visual retention test.
Longitudinally, accumulating obesity expressed in either of the tree indices, was found to
impact visual memory resulting in cognitive deterioration over time. Again, researchers
controlled for confounders such as age, sex, years of education, hypertension status, glucose
intolerance or diabetes status, and anti-lipid medication use.

Further cognitive domains were assessed in the same study™*, including language.

Whereas confrontational naming ability (accessed via the Boston Naming test) was not



associated with any obesity index, both semantic and phonemic verbal fluency (the
examiner requests words starting from a specific word or category) was lower for subjects
with wider WaistC and bigger WHR, respectively. It should be noted, however, that verbal
fluency is thought to measure executive abilities as well (strategic retrieval from semantic
memory) therefore this finding is difficult to interpret as reflecting language impairment per
se.

Gunstad et al.**

employed the Trail Making Test Part B, a frequently used executive
test of shifting and mental flexibility, but failed to find associations with obesity indices at
baseline. There was, however, a stronger age-related decline in performance among
participants with higher WHR. Performance on Part A of the same test, an index of
visuospatial coordination, as well as on a mental rotation test, followed almost the opposite
pattern, with better scores achieved both at initial and final measurement when WHR and
BMI were elevated. Executive decrements in particular were also the main finding in a
sample of extremely obese individuals (BMI240), who underwent neuropsychological
assessment with a wide range of tests, covering nearly all cognitive domains, as part of a
bariatric presurgical protocol. Differences between individuals with and without the medical
co-morbidities of hypertension, type Il diabetes and obstructive sleep apnea in this clinical

sample failed to reach significance™

. Likewise, an extensive neuropsychological battery was
employed in a cross-sectional design of persons undergoing abdominal obesity™®. The
detected difficulties in scanning, tracking and abstract reasoning, all aspects of executive
function, were inversely related to WaistC and remained significant after adjusting for all

covariates (age, education, gender, examinations, smoking, cholesterol, prevalent CVD, CRP,

systolic blood pressure, depression, glucose) except physical activity.
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Further evidence that the performance differences found in overweight and obese
adults compared to normal-weight peers may be restricted to executive tasks after
controlling for potential confounding factors, emerged from a cross-sectional study of 408

healthy individuals (aged 20-82 years)™’

. Participants were free from medical comorbidities
(e.g. hypertension, diabetes, CVD, thyroid disease, or sleep apnea), neurological disorders
and traumatic brain injury, and other medical conditions (significant substance use,
psychiatric and history of family psychiatric disorder like ADHD, schizophrenia, bipolar
disorder, or genetic disorder). Adverse neurocognitive outcome was related to BMI on all
cognitive tests but remained significant after controlling for comorbidities only for executive
functions tests. Interactions between BMI and age were not found. Indeed, the risk of poor

executive cognitive function has been found in another study™®

to be four times higher in
obese compared to non-obese participants, independently of their demographic and
medical characteristics.

Decision making, another facet of higher-order cognitive functions, has also been
tested in obese populations. Overweight and obese women demonstrated lower resilience
to immediate rewards at the expense of greater, delayed profits on the lowa Gambling test
when compared to normal-weight participantslsg. Severely obese subjects (BMI>34) from
another study also failed to learn how to maximize long-term advantageous choices
compared to normal-weight participants matched on age, education and Intelligence
Quotient (1Q)*°.

Nonetheless, two studies have reported null or negative results. Ward et al.*®*
assessed episodic learning, working memory and processing speed in 108 participants (44-66

years old). None of those domains was found to be associated with high BMI per se and only

episodic memory correlated negatively with diastolic BP. It should be noted though that the



scarcity of results may have been due to low number of obese individuals (n=21) in this
sample. In another prospective study the focus of interest was changes in adiposity and
cognitive function. Data from community dwelling middle-age and older women (average
age 58.72 years) showed that weight changes in either direction predicted poor visual
memory.

In summary, there is considerable, yet not conclusive, evidence that excess adiposity
in middle age is associated with subclinical cognitive impairment (in addition to prospective
increased risk of dementia). Impairments have been detected in memory and attention, but
executive functioning may be preferentially affected in this population, with obese
individuals exhibiting increased impulsivity, reduced cognitive flexibility, and poorer
organizational and planning abilities. Importantly, these associations remain significant after
controlling for key medical variables, such as CVD risk factors, which are well known to
directly affect cognition adversely. This suggests that contrary to earlier belief, the
neurocognitive sequelae of obesity might be established much prior to the onset of overt
obesity medical comorbidities. Additionally, obesity appears to predict cognitive decline but
changes in weight itself do not consistently predict changes in cognition. These results
highlight the need to identify more direct and proximal risk factors linking cognition to

adiposity.
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1.3 Chronic Low Grade Inflammation

Global rise of overweight and obesity, as well as the ensuing tide of their adverse
medical consequences, have brought the structural and functional characteristics of adipose
tissue into the research spotlight. Indeed, surmounting the previous view of adipocytes as
merely a passive depot for energy storage, there has been a rapid acceleration in our
knowledge relative to adipose tissue’s major role as a highly active endocrine organ®®.
Adipose tissue seems to contribute to obesity-induced pathologies partially via altered

immune responses, similar to those seen in infection and autoimmune disease’®.

From typical inflammation to metaflammation
Inflammation as a primary response of innate immunity at the presence of a
threatening stimulus (infection or trauma) forms the first line of an organism’s inner defense

and a pivotal life-sustaining mechanism*®*

. Acute inflammation, the typical inflammatory
response, is a short-term process of rapid onset, principally driven by activation of
macrophage cells'®. Initiation of this process lies in the detection of a harmful protein
(bacterial or fungal) by the specific ligands of the Toll-like receptors (TLRs) located on the
surface of the macrophages. Among this receptors family, Toll-like receptor 4 (TLR4) is the
best described and in the presence of ligand lipopolyscharide (LPS), initiates a signaling
cascade leading to the nuclear traslocation of the transcriptional nuclear factor kB (NF-kB)
within the macrophage. A swift first surge of pro-inflammatory cytokines (IL-6, TNF-a, IL-1) is
secreted, while a second slower surge of anti-inflammatory factors (IL-10), reactive oxygen

species and cell adhesion molecules follows. Early cytokines favor blood clotting processes

and switch hepatic protein synthesis to acute-phase proteins (CRP, serum amyloid A [SAA]



and serum amyloid P) which are necessary for homeostasis rebound after injury166
Chemokines on the other hand, such as IL-8, attract leukocytes to the site of injury or
infection™®’. Finally, late-response anti-inflammatory cytokines such as the IL-10, contain the
inflammatory response, allowing the return of circulating inflammatory cytokines to normal
levels'®.

Therefore, a vital element of this defense mechanism is not only its rapid and
effective mobilization but also the rapid and effective resolution of induced inflammation*®>.
Failure of this process to terminate leads to persistent presence of subclinically elevated
levels of inflammatory factors (levels higher than baseline, but many-fold lower than those
found in acute inflammation), a state termed chronic inflammation, resulting in the long

term into tissue destruction, fibrosis and necrosis®®®

. When inflammatory factors persist
beyond the limits of the injured or diseased tissue, involving the endothelium and through
that other organ systems, chronic inflammation becomes systemic.

Obesity is associated with systemic, chronic low grade inflammation (CLGI).
Hotamisligil et al.’® were the first to show the existence of significantly more TNF-a mRNA in
the adipose tissue of obese mice compared to lean littermates. Confirmation of this finding

in humans soon followed'”®

and today CLGI in obese individuals has been well documented
on the basis of subtly elevated circulating levels of cytokines and acute-phase reactants, such
as IL-6, IL-8, IL-18, TNF-a, CRP, insulin, blood glucose, and Ieptinm_”s.

In fact, it is now generally accepted that CLGI is the first and foremost physiological
consequence of obesity and a vast literature has targeted the pathophysiological
mechanisms that give rise to this process, as well as the pathways linking CLGI to insulin

resistance and vascular endothelium deterioration. The importance of CLGI in obesity-

related pathogenesis and progression, renders it as an important candidate for therapeutic
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interventions and has enhanced the understanding of CLGI as a pathophysiological entity per

se, hence justifying the coinage of a new term: metaflammation®’®

. Even though the liver
contributes to metaflammation development, in contrast to the typical inflammatory

response, the key organ in this process is adipose tissue.

Obesity, adipose tissue and Chronic Low Grade Inflammation development

Adipose tissue consists predominantly of adipocytes, but other cell types such as pre-
adipocytes, histiocytes, fibroblasts, vascular endothelial cells, T-regulatory lymphocytes and
macrophages are also vital functional elements. As mentioned above, adipose tissue
secretes a large number of bioactive substances including hormones, immune mediators,
growth factors and chemoattractant proteinsm, through which it interacts with both innate
and adaptive immunity. The highly “immune” profile of a primarily metabolic tissue, can be
justified by its close evolutionary affinity with the immune system”g. Extensive
communication of the two is crucial for the survival of the organism, as efficient allocation
and usage of energy reserves is better facilitated by such an interaction, while neutralization
of invading pathogens requires increased energy investment and subsequently efficacious
insulin signaling’’®. In higher organisms this is illustrated in the shared characteristics
between adipocytes, immune and liver cells with the common expression of TLRs on their
membranes, the activation of essentially the same signaling pathways and their analogous
structure (adipocytes are linked to macrophages in adipose tissue and hepatocytes to
Kupffer cells in the liver)'”.

Adipose tissue is typically classified into two forms: white adipose tissue (WAT) and

brown adipose tissue (BAT). WAT, which is located both subcutaneously and within the

trunk, is the primarily storage deposit of energy in the form of triglycerides and the starting



point of lipid mobilization for systemic use by other tissues requiring energylgo. BAT on the
other hand, is believed to produce heat (nonshivering thermogenesis) through oxidative
phosphorylationlgl.

Obesity entails primarily accumulation of lipids in the white adipocytes due to either
sustained overnutrition and/or low energy expenditure from physical inactivity. Their ability

182

to remarkably vary their diameter to accommodate excess lipids (10-15fold)™ though

functional is not unlimited. Gradual overexpansion of the adipocytes is believed to be the

primary cause of CLGI development'®*1#

through various mechanisms, evident mainly by
the large infiltrating number of macrophages in this tissue. Their accumulation has been
found to be proportional to the degree of adiposity both in rodents'®® and humans'®. The
most important mechanisms of CLGI emergence seem to be:

Local tissue hypoxia: Disproportionate growth of adipose tissue not only results in
increased oxygen demand, which by far exceeds the delivery capacity of the resident
vasculature'®, but also mechanically leads to capillary rarefunction®®* further reducing
oxygen supply and nutrient delivery. Conjointly, both processes contribute to an ischemia-
induced adipocyte necrosis and the commencement of the inflammatory response with
macrophage infiltration. Additionally, as will be described below, the poor anti-inflammatory
character of adipose tissue in the obese (featuring among others reduced amounts of
adiponectin) fails to pacify the irritated vascular endothelium. In parallel the strong pro-
inflammatory properties of this tissue boosts activation of the endothelial cells which in turn
express adhesion molecules and chemotactic factors that speed up and intensify the local
inflammation procedure®®.

Phenotypic alteration of the obese adipose tissue: Enlargement of the adipocytes

promotes the conversion of adipose tissue into a metabolically dysfunctional phenotype
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with activation of the TLR4-NFkB pro-inflammatory cytokine cascade in both enlarged
adipocytes and resident macrophages. Two model pathways have been suggested: the first
postulates that hyperplastic adipocytes release more free fatty acids which prompt the
expression of TNF-a from nearby macrophages. In turn TNF-a initiates the production of
chemoattractant proteins (such as monocyte chemoattractant protein-1 [MCP-1] or C-C
motif chemokine ligand-2 [CCL2]) by the adipocytes™’. Subsequently, transendotheliac
macrophage migration is enhanced and the characteristic crown-like structures are formed,
with macrophage accumulation around apoptotic adipocytes in inflamed adipose
tissue'®**%, Importantly, apart from the quantitative there is also a qualitative switch in the
macrophages of the obese microenviroment: instead of macrophages expressing anti-
inflammatory markers of an M2 or alternatively activated state (as seen in the lean adipose
tissue), obese macrophages express the pro-inflammatory M1 type or classically activated
macrophagesm. Whereas M2 cells primarily secrete interleukin (IL)-10 and IL-1ra and their
action is associated with the repair of injured tissue and promotion of inflammation

resolution'®

, M1 cells secrete TNF-a, IL-1 and IL-6 and are believed to promote insulin
resistance®®. The latter pathway may involve obesity related blockage of the STAMP2 (six-
transmembrane protein of prostate)197, a membrane receptor expressed in lean adipocytes
that normally inhibits the TLR4 and associated cytokine receptor cascade™®.

Increased apoptosis of the enlarged adipocytes: Adipocytes that undergo
hypertrophy due to triglyceride overload are led to apoptosis, thus augmenting the
inflammatory reaction within the obese adipose tissue'®. Location of the adipocytes is
important, with truncal cells being less resilient to enlargement than subcutaneous

adipocytes, which undergo apoptosis at a much greater size?®. The latter are also more

likely to maintain their anti-inflammatory properties when enlarged®*.



Changes in the brown/white adipocyte ratio: It has been shown that CLGI
development is promoted further when the ratio of white/brown adipocytes increases™®.

Taking in consideration the above mechanisms, current understanding of the
adiposity-induced metabolic dysfunction postulates that this is partly due to an imbalance in
the expression of pro-inflammatory and anti-inflammatory adipokines*®®, contributing to the
pathogenesis of the medical conditions frequently comorbid to obesity?®****. Markedly,
adiponectin production, the most abundant anti-inflammatory and insulin sensitizing
adipokine expressed from the white adipose tissue of lean subjects, is downregulated in
obesity’®?®. Its lower circulating levels, which are strongly and negatively associated with
anthropometric indices of adiposity and fat accumulation, are believed to play a key
mediating role in the CLGI development by further activating both innate and adaptive
inflammatory mechanisms, resulting in insulin resistance and the development of a full-

6

blown metabolic syndromezo. CLGI is now a well-established causal factor of insulin

207

resistance and T2DM*"’, with increased levels of the inflammatory marker CRP (which are

208

consistently detected at elevated levels in the blood stream of obese individuals®™) and its

inducer IL-6 being predictive of the development of T2DM in a range of populationszog. The
involvement of CLGI in the pathogenesis of atherosclerosis has also been confirmed?*°.
Additionally, the observed strong link between inflammation and other obesity-related
conditions, such as hypertension®*!, dyslipidaemia®*?, NAFLD*® and OSA*** are further
examined and the underlying CLGI-inducing mechanisms are being increasingly clarified.
There is also accumulating evidence of reduced obesity comorbidities via inflammation
modulation through diet®™ or bariatric surgery?*® weight loss, exercise®’’” and replacement of
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saturated fat consumption with omega-3 fatty acids”". Such findings promote a new

perspective in understanding these classic therapeutic strategies and investigation of the
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effectiveness of other intervention methods such as use of PPAR ligands and

statins?2¥%2?,

Inflammation and cognition

Data from several sources implicate CLGI in cognitive impairment. Inflammation has
been found to play a central role in different types of dementia, particularly in AD, in the
pathological mechanisms of which involvement of inflammatory markers IL-1, IL-6, CRP and

TNF-a has been clearly demonstrated?®?*%*

. Postmortem autopsy in late-stage AD individuals
has revealed increased and relatively selective concentration of several different
inflammatory factors, such as proinflammatory cytokines, acute phase proteins, complement
factors and activated microglia in the characteristic AD beta-amyloid plaques and
neurofibrillary tanglesm. A genetic component in the involvement of inflammatory factors is
further suggested by associations between presence of related polymorphisms and AD
occurrence risk??®. Moreover, there are indications that this risk may be lessened by use of

nonsteroidal anti-inflammatory drugs (NSAID)**’.

Likewise, VaD is also affected by
inflammatory factors such as TNF-a and cytokinesm.

Although there is still no conclusive evidence as to whether inflammatory processes
precede or follow dementia-related brain lesions, there are findings consistent with the
notion that inflammation predisposes and/or exacerbates cognitive pathologies. For
example, an inflammatory upsurge is often observed before clinical onset of AD or VaD
dementia’®® but even more importantly, measurements of elevated inflammatory markers
have been associated with future dementia emergence decades before actual diagnosis. In

the Honolulu-Asia Aging study, a large scale study of 1050 Japanese men tested at baseline

at an average of 55 years and followed for up to 25 years, revealed that participants initially



classified in the upper three quartiles of CRP concentrations were at a tree-fold raised risk
for dementia development (AD and VaD combined) compared to those in the lowest
quartile, independently of cardiovascular disorders?*°. Interestingly, acute systemic
inflammation seems to enhance dementia advancement too, as shown in a study of 300
community-dwelling AD patients of various severity, whose upregulation of TNF-a serum
levels as a result of acute inflammatory events was followed by a two-fold increase in the
rate of cognitive deterioration over the next six months?®.

Moreover, amelioration of CLGI has also been linked to milder patterns of cognitive
impairment detected in non-demented elderly populations both cross-sectionally and
longitudinally. Ravaglia et al.”** using the Mini-Mental State Examination (MMSE; a
commonly used dementia screen test which provides a crude assessment of general
cognitive ability), found a statistically significant inverse association between performance
on this test and CRP concentrations in a cross-sectional examination of 540 relatively healthy
elderly people (mean age 73 years). Usage of the modified MMSE gave analogous results in
another cohort of 3014 elders (mean age 74 years), with those suffering from metabolic
syndrome and belonging in the highest CRP tertile at enrollment, presenting greater
cognitive 4-year decline compared to those with metabolic syndrome and low

inflammation?*3

. Data from two independent, population-based cohort studies with 4- to 5-
year follow up periods (n=3874 averaging 72 years in the Rotterdam and n=491 85-year olds
in the Leiden 85+ study) showed that higher levels of IL-6 and CRP were cross-sectionally
associated with lower scores on tests of global and executive function tests, whereas a

2 .
34. Baseline measurements

steeper annual decline in memory was linked only to IL-6 levels
of CRP in a much smaller sample of 65 ostensibly healthy elder individuals (mean age 54

years) were also inversely related to delayed verbal memory performance 6 years later?.
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Apart from the clinical end point of dementia or mild cognitive decline in well-
functioning elders, where attribution of causative characteristics in inflammatory processes
is difficult due to often concomitant and even serious age-related disease conditions, similar
findings in younger ages, potentially less affected by such factors, are of great interest. The
relationship between midlife inflammation levels and cognitive performance was examined
cross-sectionally by Marsland et al.”** who administrated a battery of neuropsychological
test to 504 healthy adults (aged 30 to 54) and inversely associated their performance on
auditory recognition, working memory, and executive function with peripheral levels of IL-6,
independently of age, gender, race, education, BMI, smoking or hypertension. Very recent

analysis from the ongoing Whitehall Il cohort study?’

addressed the same question
longitudinally. Initial results showed that peripheral inflammatory levels of IL-6 and CRP in
mid-life (i.e., between 45 and 69 years) emerged as prognostic markers of future cognitive
decay within a 10 year timeframe (not just dementia occurrence as documented in the Asia-

Honolulu study230

). Results were also adjusted for a wide range of possible confounders.
Participants with high IL-6 (regardless of CRP levels) scored lower on reasoning ability tests
compared to their low IL-6 peers cross-sectionally and were also more likely to experience
more rapid cognitive decline in this domain, as well as 1.81-fold receding global cognitive
ability (measured by MMSE).

Vitally, regarding normal cognitive ability, erythrocyte sedimentation rate (ESR), a
non-specific marker of CLGI was linked to reduced performance on a IQ test in healthy young
adults aged 18-20 years (n=49321). This relationship persisted even after adjustment for
several confounders, such as cardiovascular risk factors or childhood circumstances, and was

238

only slightly attenuated by childhood socioeconomic position (SEP)“*". Collectively, these



findings support the characterization of inflammation, and especially chronic inflammation

exposure, as a significant culprit for gradual cognitive degradation.
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3. Objectives of the study

3.1 CLGI as a potential mediating parameter of two alternative causal path models

As outlined in the introduction section, compromised neurocognitive function is
associated with obesity as well as inflammation. CLGI represents the earliest consequence of
obesity, preceding and precipitating well established obesity-related factors adversely
impacting cognition (i.e diabetes, hypertension, high cholesterol, OSA). Taken together with
the fact that cognitive impairments have been detected independently of those obesity
medical consequences, CLGl emerges as a serious potential direct link between obesity and
its neuropsychological sequelae.

According to one hypothesis, obesity leads either directly (via CLGI) or indirectly (via
obesity-related comorbidities; figure 10) to disturbances in brain function manifested by
lower performance on neuropsychological tests. Apart from the already presented evidence,
forward causation is further supported by some indications of reversibility in the obesity-
induced poor cognitive outcome through weight loss, which is known to effectively reduce
levels of plasma inflammatory markers®”®. For instance, morbidly obese patients who
underwent bariatric surgery, performed better at a 12 month memory follow up test, in
contrast to obese control subjects, who did not receive surgery or other obesity treatment
and demonstrated continuing cognitive deterioration. Patients in both groups had scored
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equally low at baseline assessment™. Another research group reported improvement in

attention and memory test scores lasting for up to 24 months after bariatric surgery, while

. . . 2
executive function recovery culminated at 36 months?*°.



forward causality

A insulin
- resistance

poor health choices
*poor food
*sedentary life
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emotional
regulation

Figure 10. Two purported, alternative pathways connecting obesity and low cognitive

performance.

On the other hand, a less intuitive alternative path model (reverse causality; 10),
highlights that poor cognition and in particular executive functions (including planning,
cognitive flexibility and logical reasoning ability) may explain obesity development through
the adoption of poor health choices, given that these abilities are important determinants of

everyday decision making (e.g. dietary behavior, low inhibition of palatable yet of low
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nutritional value food consumption and low physical activity) both in adults and
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children®™. A growing literature on cognitive reserve predicting either future weight gain or

weight loss success is in favor of this “reverse causality” premise. In a longitudinal study, low
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accomplishment of 4 year olds on executive tests predicted raised levels of adiposity after 2
years, while the opposite pattern was detected for children with higher verbal abilities at

244 Another study245, followed a large birth cohort assessing fine motor

initial measurement
coordination and hand control at age 7, 11 and finally at 33 years of age. Statistical
adjustment for possible confounders (including BMI, general motor disability, and SES) did
not eliminate statistical differences in final adult weight gain between children with poor
motor abilities (part of the executive subdomain of psychomotor speed and coordination)
and children with higher scores. Even in populations with confirmed cognitive impairments
such as morbidly obese candidates for bariatric surgery®*®, weight loss success and, more
importantly, maintenance of reduced weight was significantly predicted by the degree of
cognitive function as accessed before surgery*’ 2%,

Such findings come as no surprise as they corroborate much older observations of
associations between 1Q and future development of health problems, such as coronary heart

disease, stroke25°, full blown metabolic syndrome251, and even total mortality252

. Notably,
studies on personality traits, another factor strongly argued to contribute to such
relationships, failed to detect analogous associations®>>. This is important, because

12>%) are often part of

personality characteristic attributions (like laziness or weakness of wil
the widespread social perception of obese and overweight persons, not to mention often
part of their own self perceptions®>.

In conclusion, exploration of compromised cognitive function in the presence of
obesity should be further addressed under the light of new endocrinological data
highlighting the role of CLGI as the most likely cornerstone for all obesity related

pathologies. Directionality of the obese-cognition impairment relationship is also of great

interest.



3.2 Additional obesity related factors that may hamper cognitive functioning
Among mood disorders, depression in particular appears to have a major impact on
body weight dysregulation and vice versa. A recent meta-analysis including more than 58700
subjects was illustrative of the bidirectional association between depression and obesity:
obese persons had a 55% higher risk of developing depression over time in comparison to
normal weight subjects, whereas subjects with depression had a 58% increased risk of
becoming obese compared to healthy persons®®. Compromised cognitive function,
especially in the areas of sustained attention and mental flexibility has been identified as a

257-259

characteristic of clinical and subclinical depression . Moreover, elevated levels of stress

260

and anxiety, have been linked to impaired performance on cognitive tasks™" as well as

261

increased body weight™". Thus, psychoemotional well-being, as indexed by the absence of

symptoms of depression and anxiety has been implicated as a potential mediator of the

262

obesity-cognitive association™. Finally, a protective role of exercise on the adverse effects

of obesity on several psychological domains has been documented including that of

cognition263’264.

3.3 Objectives of the study

The current cross-sectional study examined the relation between obesity-linked
immune and metabolic effects and general cognitive capacity. Using data obtained from
young and middle-aged Greek volunteers who were largely free of other clinically evident
obesity-related medical comorbidities, the study pursued the following specific goals:

First, we examined the possible negative association between body weight/fat
content and fluid intelligence, as measured by a non-verbal logical reasoning test (fluid

intelligence).
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Second, we compared two alternative path models regarding the direction of the
obesity-cognition association, including CLGlI as a mediator variable. Importantly, we
assessed the potential mediating role of CLGI by controlling for the effects of additional
physiological (metabolic dysfunction indices and adiponectin), psychological (anxiety and
depression symptoms), and life-style (exercise) measures.

Third, we examined whether the hypothesized mediated effects of obesity (through
inflammation), may depend upon the level of psychological (depression and anxiety
symptoms), life style (exercise habits), and physiological variables (HOMA-IR, adiponectin)
variables.

Fourth, we addressed the question whether the purported direct and/or mediated
effects of body weight/fat content on fluid intelligence were determined by the presence of

clinical obesity.



4. Methods

4.1 Participants and procedures

Out of two hundred fourteen (214) subjects addressed, one hundred ninety nine
participants (199) were finally recruited, through direct contact during regularly scheduled
appointments for routine clinical evaluations (e.g. complete blood count or other more
specific tests appropriate for their health condition) at primary care facilities (private
endocrinology practice and the University Hospital outpatient clinic). Participants were free
of major and chronic autoimmune or connective tissue diseases. Other existing medical

265 Individuals with

comorbidities were quantified using the Charlson Comorbidity Index (CCl)
self-reported history of mental diseases, including depression symptoms, and neurological
disorders or traumatic brain injury (resulting in >10 minute loss of consciousness) were
excluded from further analyses (n=7). Additionally, participants with a recent history of
infection (reported or diagnosed during clinical examination) or demonstrating leukocytosis
(WBC > 10.000; n=12), were not included in the final sample (n=180). Obesity indices,
including BMI, Waist to Hip Ratio (WHR) and body fat composition were measured on-site in
a quiet examination room on a scheduled appointment. The fluid intelligence test and the
self-report questionnaires were also administrated in the same appointment and a semi-
structured mini interview on health related issues (e.g. smoking, alcohol consumption, past
medical history) was conducted.

Participants were assigned to three groups: normal-weight (BMI range: 18.5-24.99),

overweight (BMI range: 25-30) and obese (BMI 230). Sample demographics are presented in

Table 1 of the results section.
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Addressed (n=214)

Withdrawn/missing group of variables (n=15) |

Screened (n=199)

Excluded

* History of mental diseases (n=4)

* Neurological disorders (n=1)

* Traumatic brain injury (>10 min unconsciousness) (n=2)
* Recent history of infection (reported or diagnosed) or
demonstration of leukocytosis (WBC >10.000) (n=12)

Included in Analyses (n=180) (18-62 years, both males and females)

Figure 11. Flow chart of participants.

The study was conducted according to the guidelines laid down in the Declaration of
Helsinki and all procedures involving human subjects had been approved by the University of
Crete Hospital Ethics Committee (protocol No. 3842). All participants provided written
informed consent following a detailed explanation of the protocol. Participation was

voluntary and subjects were given no financial compensation for their time and effort.

4.2 Measures

Cognitive, psychological, and activity measurements. The General Ability Measure for

Adults (GAMA)*®, is a non verbal measure of general (primarily fluid) intelligence,
independent of verbal factors both in content and administration, making the test useful
with diverse populations (e.g. ethnicity, language, literacy). It consists of 66 problems
utilizing colored, abstract designs that require the examinee to either match a sample design
(Matching scale), complete a pair of stimuli through analogy to a model pair (Analogies

scale), identify logical sequences (Sequences scale) or combine pieces mentally to form a



complete geometric pattern (Construction scale). All categories were progressive, starting
with relatively simple problems that then became more difficult. The correct answer is
selected from a set of six choices (see Appendix part 1). Comparison data were available on
453 Greek adults (257 women and 196 men) aged 17 to 82 years (mean=39.96, SD=14.47
years) with 2-24 years of formal education (mean=13.09, SD=3.68 years), recruited from 6
broad geographical regions in the Greek mainland and islands (296 from urban and 157
individuals from rural areas or small-towns (defined as population under 10,000). The
sample was divided into 9 subgroups representing full cross-over of age and education with
a minimum of 30 persons per group. Education was converted into a discrete variable with
three levels: 0-9 years of formal education, 10-12 years, and 13+ years. Age was also
grouped into three levels (17-37, 38-50, and 51-65 years). Raw total GAMA scores were
converted into Intelligence Quotient (1Q)-equivalent scores (mean=100, SD=15) adjusting for
age and education level. Raw scores on each of the four GAMA subscales (matching,
analogies, sequences, constructions) were converted into appropriate standard scores
(mean=10, SD=3). Performance on this test is strongly correlated with scores on more
comprehensive 1Q measures, such as the Wechsler Adult Intelligence Scale-Revised (WAIS-
R)*®°. GAMA correlated 0.74 with WAIS-R Performance Intelligence Quotient (P1Q), 0.65 with
WAIS-R Verbal Intelligence Quotient (VIQ), and 0.75 with WAIS-R Full Scale Intelligence
Quotient (FSIQ). The magnitude of these associations were similar in the presence of acute
brain damage (r= 0.74, 0.71, 0.81, respectively)®®’ and among young adults experiencing
academic difficulties (r=0 .69, 0.36, 0.60, respectively)?®®. Given that GAMA was originally
designed as a measure of fluid intelligence, achieving high scores on the test requires

7269

adequate engagement of functions generally considered as “executive”“"". Such, presumed,

higher order, yet diverse, cognitive functions serve the ability to coordinate goal-directed
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thought and action and include complex attention, mental flexibility, inhibition, problem
solving, and decision making. These functions are believed to be primarily carried out by
prefrontal areas®’°. Solving the logical problems in GAMA requires successful, continuous

271,272

management of working memory resources and the ability to switch cognitive

273274 |n fact in our Greek

strategies in dealing with different types of alternating problems
adult community cohort, performance on GAMA was found to correlate strongly (r > .60)
with such measures. Internal consistency (Cronbach’s a = .93) and test-retest reliability (r =
.84; N = 48) in the same cohort were adequate.

The revised edition of the Beck Depression Inventory (BDI-I1)*"®

is a 21 item self-report
guestionnaire, designed to access intensity of depressive symptomatology according to the
Diagnostic and Statistical Manual of Mental Disorders (DSM-1V) in clinical and community
adult samples. Each item consists of four statements arranged in order of increasing severity
on a 0 to 3 scale (e.g., 0 = “I do not feel sad” to 3 = “l am so sad and unhappy that | can’t
stand it”). Respondents are asked to rate each set of statements according to how they have
been feeling in the past two weeks, including the date of questionnaire completion. A total
score below 14 points indicates minimal depression symptoms, 14 to 19 points indicate mild
depression symptoms, 20 to 28 points suggest moderate depression symptoms, whereas a
score between 29 and 63 points indicates severe depression symptoms. The Greek version
of BDI-1I*’® used in the present study has a Cronbach’s a = 0.87.

The State — Trait Anxiety Inventory (STAI, Y form)*”’

is a self-report measure of the
severity of anxiety feelings in adults. The Greek version of the Trait Anxiety subscale (STAI-

2 . . . . .
T)*’® was used here, accessing more general and long standing anxiety. Sample items include

“] feel nervous and restless”, “l lack self-confidence” and reverse-scored items like “I am



content”. Questions are rated on a four-point Likert scale resulting in a score range between
20 and 80 points, with higher scores indicating greater anxiety. Cronbach’s a was 0.90.

Leisure-time physical activity was assessed through Godin’s self-administered
questionnairem. Subjects reported the number of times spent in physical activity lasting for
at least 15 min. in an average week and classified them as strenuous, moderate, or light
(corresponding to 9, 5, or 3 Metabolic Equivalents [METs]). The total score was derived by
multiplying the reported frequency by its corresponding MET value and summing the three
products. Test-retest reliability of the total score ranged between 0.62 and 0.81°%. As with
the majority of available self-administered physical activity questionnaires, Godin scores
derived from broad community samples demonstrate a somewhat inconsistent validity
profile. Correlations between Godin scores and measures of energy expenditure are
generally low (r = 0.10-0.32), although stronger associations with body fat have been
reportedzgo’zgl. In all analyses involving Godin data, root-square transformed scores were
used to correct for significant positive skewness in the data.

Somatometrics. Total height and weight were measured to calculate BMI (kg/mz).

WHR (waist-/hip-circumference) is commonly used as a convenient index of body fat
centralization (visceral obesity). Waist and hip circumference were measured at the level of
umbilicus and gluteus, respectively. Total body fat percentage (BF%) was estimated through
Bioelectrical Impedance Analysis (BIA) employing an Akern BIA 101, Wuerzburg, Germany. In
order to further validate this technique, body fat composition was determined using the dual
energy X-ray absorptiometry (DEXA) by Lunar DPX (GE Healthcare, Madison, WI) in a random
subgroup of our participants (n = 23), which along with Computed Tomography (CT), is
known to be the most accurate assessment methods of body fat®. The correlation between

BIA and DEXA in this subgroup was linear and high (r = 0.91).
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Biochemical indices. Morning fasting blood samples were collected in a serum-

separating tube from all participants, allowed to clot at room temperature for thirty
minutes, centrifuged, aliquoted, and stored at -80°C in plastic vials for subsequent
measurements. Biochemical analyses were performed at the University of Crete, Laboratory
of Clinical Chemistry. Twelve participants (n=12) demonstrated leukocytosis and where
excluded from further analyses. The following indices were available on all remaining 180
participants: (a) high sensitivity CRP (hs-CRP) measured by immuno-nephelometry assay on a
Cobas 6000 (Roche Diagnostics International, Ltd) with a detection limit of 0.18 mg/l), (b)
fibrinogen and, (c) ESR. Insulin resistance was assessed using the Homeostasis Model
Assessment insulin resistance (HOMA-IR) index computed by multiplying glucose (mg/dl) by

insulin (uU/ml) serum levels and dividing by 405°%

. Finally, total plasma adiponectin was
assessed with the human adiponectin ELISA kit (cat.#:KHP0041; Life Technologies
Corporation).

In order to simplify the set of regression and path analyses described below, we
computed composite indices for somatometric (BMI, WHR, BF%), and inflammation (hs-CRP,
ESR, fibrinogen) markers expressed as the mean of the respective z scores in the current
sample. An exploratory factor analysis with Varimax rotation on the six measures revealed
two factors with eigen values >1. Factor 1 was mainly accounted for by variance of
fibrinogen, ESR, and hsCRP (factor loadings ranged between 0.68 and 0.83), whereas Factor
2 mainly reflected variance of the three somatometric measures (factor loadings ranged
between 0.69 and 0.86). Cross loadings did not exceed 0.39. The correlations among
somatometric indices ranged from r = 0.23 (BF%-WHR) to r = 0.81 (BMI-BF%). Correlations

among inflammation indices ranged from r = 0.48 (fibrinogen with hs-CRP) to r = 0.56 (ESR

with hs-CRP).



4.3 Statistical analyses

The first aim of the study was pursued through ANOVAs on GAMA standard scores
with BMI group as the between subjects variable with three levels (normal-weight,
overweight, obese). Physiological and clinical variables, on which the three groups should be
found to vary significantly, were also entered in separate One-Way ANOVAs as covariates in
SPSS v. 20.

The second aim of the study was explored through Structural Equation Modeling

(SEM) comparing the two alternative, non-nested models illustrated in figure 12.

Metabolic Profile

Godin (sqrt)

/

Metabolic Profile

§

Godin (sqrt)

Model 1 Model 2
BDI-I BDI-II
Inflammation x / Inflammation
Somatometric GAMA GAMA Somatometric
Adiponectin Adiponectin

Figure 12. Two alternative models postulating an effect of obesity on cognition (model 1) or

the reverse, an effect of cognition on obesity (model 2).

Model 1 postulates a direct effect of obesity (somatometric index) on cognition

(GAMA total score), whereas Model 2 represents the reverse relationship. Each model
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included a number of parallel mediators representing psychological (BDI-Il and STAI-T
scores), life-style (Godin scores), and physiological factors (HOMA-IR, adiponectin), and
estimated both direct and indirect effects (i.e., through each of the mediating variables)
between obesity and cognition. The two models were directly compared on fit indices
calculated in Analysis of Moment Structures (AMOS; version 20; SPSS, Inc.). This statistical
technique allows testing of theoretical pathways involving causal relations and thus is
suitable for inferential analysis of cross-sectional data®>.

The third aim of the study was assessed through moderated regression analyses.
Specifically we sought to examine if the hypothesized mediated effects of obesity (through
inflammation), may depend upon the level of psychological (depression and anxiety

symptoms), life style (exercise habits), and physiological variables (HOMA-IR, adiponectin)

variables.
Moderator (W)
ay o) 1 \Q2
V
Inflammation (M)
a b
Somatometric (X) ;’, >l GAMA(Y)
1

Figure 13. Schematic illustration of the proposed moderated mediation of the association
between obesity and GAMA scores, which includes a residual direct effect of obesity on
GAMA plus direct effects of each moderating variable on the independent, mediator, and
outcome variables. The following variables were tested as moderators: obesity classification
(normal weight, overweight, obese), STAI-B total score, BDI-Il total score, Godin score,

HOMA-IR, adiponectin.



The general model tested is illustrated in figure 13, where the mediation paths a and
b linking somatometric measures and GAMA vary with each of the psychological,
physiological and life-style variables. The mediator M (inflammation index) was estimated
using the following equation (model 59 in Hayes*®*):
M =iy + aX +a,W + oy X*W + ey (Eql)
The following equation was used to estimate GAMA scores:
Y=i,+ c'1X +bM + b,W + b X*W +e, (Eq2)
The fourth aim of the study was pursued through moderated mediation analysis
using the same model described by Equations (1) and (2) with Obesity Group as the
moderator variable. Complementary, group-level analysis examined the presence of

interactions between Obesity group and CLGI group (created through a median split on the

Inflammation composite variable).
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5. Results

5.1 BMI group comparisons

ANOVAs between-subjects confirmed the expected group differences on WHR,
F(2,177)=30.65, p=0.0005, n?=0.261, and BF% content, F(2,177)=81.03, p=0.0005, n’=0.568.
As shown in Table 1, all pair wise group differences were significant. Further tests showed
that BMI groups did not differ on BDI-II, STAI-T, or Godin scores (p>0.5). Chi-square tests did
not reveal group differences in the distribution of CCl scores, marital or financial status, or
type of job.

Table 2 presents data on all inflammatory and metabolic indices for each BMI group.
In addition to somatometric measurements, the three groups also differed on inflammation
(ESR: F[2,177]=14.53, p=0.0005, n°=0.115; hs-CRP: F[2,177]=26.65, p=0.0005, n’=0.218;
fibrinogen: F[2,177]=6,841, p=0.001, r]2=0.07), and metabolic efficiency indices (insulin:
F[2,177]=13.13, p=0.0005, n’=0.135; glucose: F[2,177]=10,268, p=0.0001, n°=0.096; HOMA-
IR: F[2,177]=12.05, p=0.0005, n’=0.137; adiponectin: F[2,177]=7.74, p=0.001, n>=0.080).
With the exception of adiponectin, obese participants had higher indices as compared to
both normal-weight and overweight individuals. As expected, the opposite pattern was
noted for adiponectin. Given that the proportion of men was higher in the overweight (37%)
than in the normal-weight (12%) and obese groups (15%; phi = .213, p = .013), the analyses
were repeated with gender as an additional factor, failing to reveal any significant main

effects or interactions (p >.1).



Table 1.

Clinical and demographic information for each obesity subgroup

59

Normal-Weight Overweight Obese

N 55 54 71

Men 7 20 11

Women 48 34 60
Family Status

Single 36 27 26

Married 16 25 41

Divorced/widowed 3 2 4
Type of Occupation

Sedentary 30 24 33

Manual 4 8 8

Mixed 21 22 30
Reported Financial Status

Poor 1 3 3

Average 30 26 42

Above average 24 25 26
Age (years) 39.91 (9.92) 36.71 (10.90) 39.51 (11.38)

[19-54] t [18-64] [17-62] t



Education (years)

BMI (kg/ m?)

WHR (cm/cm)

Total Body Fat (%)

STAI-T

BDI-II

Godin

ccl

16.40 (2.79)
[12-22] *

22.33(1.76)
[18.65-24.98]*t

0.79 (0.07)
[0.65-1.02] *t

27.73 (5.80)
[16.50-40.70]+*

42.93 (7.65)
[31-61]

10.35 (7.31)
[0.00-27]

27.04 (17.99)
[0.00-65.00]

54

15.29 (2.60)
[6-22] #

27.37 (1.42)
[25.04-29.86]*#

0.88 (0.06)
[0.73-0.97] *

33.47 (6.00)
[21.20-42.30]*#

42.39 (8.02)
[30-63]

10.81 (8.22)
[0.00-35]

21.81(19.74)
[0.00-79.00]
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13.72 (2.91)
[6-22] t#

34.22 (3.79)
[30.12-45.88] t#

0.89 (0.09)
[0.69- 1.14] t

41.53 (4.35)
[28.50-51.52]t#

44.01 (8.91)
[31-69]

12.85 (8.40)
[0.00-48]

14.49 (13.95)
[0.00-52.00]

63

Mean (SD), range in brackets. BMI = Body Mass Index; WHR = Waist to Hip Ratio; BDI-Il = Beck

Depression Inventory Il; STAI-T = Trait Anxiety Inventory; Godin = Leisure-time physical activity (total

raw scores); CCl = Charlson Comorbidity Index. * Normal-Weight vs. Overweight, ¥ Normal-Weight

vs. Obese, # Overweight vs. Obese at p < 0.01.



Table 2

Metabolic and inflammation indices for each obesity subgroup

61

Normal-Weight Overweight Obese
ESR (mm/hr) 9.24 (6.71) 11.88 (8.68) 20.01 (14.99)
[1-30] t [3-30] # [3-91] t#
hs-CRP (mg/I) 0.85 (0.95) 1.53 (1.76) 4.66 (4.39)
[0-4] * [0-9] # [0-17] t#

Fibrinogen (mg%)

262.38 (54.73)

269.34 (58.04)

304.64 (74.30)

[151-448] t [145-449] # [142-626] t#
Insulin (LU/ml) 5.96 (3.56) 8.37 (3.91) 14.22 (13.69)
[2-18] t [3-23] # [1- 79] t#
Glucose (mg/dl) 88.79 (5.53) 91.67 (11.59) 97.66 (12.90)
[78-102] t [60-150] # [76-152] t#
HOMA-IR 1.27 (0.77) 1.97 (1.25) 3.58 (3.85)
[0.38-4.24] t [0.65-8.67] # [0.27-18.83] t#
Adiponectin (mg/ml) 16.69 (6.25) 15.62 (6.36) 12.53 (5.40)

[6.23-30.36] t

[4.41-30.27] #

[4.86-30.41] T#

Mean (SD), range in brackets. ESR =

Erythrocyte Sedimentation Rate; hs-CRP = high

Homeostasis Model Assessment of Insulin

sensitivity C-reactive protein; HOMA-IR
Resistance. T Normal Weight vs. Obese, # Overweight vs. Obese at p < 0.01. * Normal-

Weight vs. Overweight comparisons failed to reach significance.
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Given that the three groups differed on age, F(2,177)=5.94, p=0.003, years of formal
education, F(2,177)=15.21, p=0.0005, and gender distribution, group-level analyses on
cognitive ability were conducted on age- and education-adjusted GAMA 1Q scores and
subscale standard scores. At the group level, the key finding was a main effect of BMI group,
F(2,177)=7.09, p=0.001, n°=0.083. Planned pair wise comparisons revealed that the obese
group scored significantly lower than both the normal-weight (Bonferroni-corrected,
p=0.001) and overweight groups (p=0.029), which did not differ from each other (p>0.7).
Main group effects were also significant for each of the four GAMA subscales (p <0.001) and
pair wise tests revealed a similar pattern of group differences (see Table 3). Importantly,
group differences on GAMA IQ scores remained significant after controlling for STAI, BDI,
Godin, and CCl scores, as they did after controlling for metabolic function (insulin, HOMA-IR,
adiponectin). However, controlling for individual variability on the systemic inflammation
composite, group differences on GAMA were all but eliminated (p>0.24). Results were
essentially identical when ANCOVAs were performed on GAMA total raw scores controlling
for participant age and education. Neither the main effect of gender or the Group by Gender
interaction approached significance (p > .8). Power analyses indicated that for the effect size
of group differences observed in the study, estimated power for detecting significant Group
main effects ranged between 0.96 and 0.99 at alpha = 0.05 and between 0.84 and 0.99 at
alpha = 0.001.

Percentages of individuals with “normal-range” 1Q estimated were: 90%, 88%, 78%
for normal-weight, overweight, and obese, respectively. The remaining participants had

estimated 1Q scores in the 70-85 point “borderline” range.
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Table 3.

Average GAMA total IQ-equivalent scores and subscale standard scores (SD in parentheses)

for each obesity subgroup

Normal-Weight Overweight Obese
GAMA 104.38 (15.11) # 101.85(13.77) + 94.91 (15.15) #+
Matching 11.19 (2.74) % 10.70 (2.58) & 8.56 (2.89) t§
Analogies 11.19 (2.67) # 10.88 (2.71) § 8.46 (2.78) £§
Sequences 10.97 (2.67) 10.82 (2.54) § 8.67 (3.07) *§
Construction 11.06 (3.11) # 10.24 (2.77) 8.91(2.75) f

GAMA = General Ability Measure for Adults; Bonferroni-corrected + p <0.03, § p <0.01, ¥ p <

0.001.

5.2 The role of low-grade systemic inflammation

Table 4 reveals a largely expected pattern of intercorrelations between the
somatometric, inflammation, and cognitive indices (GAMA raw score). Correlation
coefficients were in the moderate range meeting the essential requirement in order to
further assess direct and indirect effects of obesity on GAMA (and the reverse) through

inflammation.
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Table 4.

Pearson correlations between variables examined in SEM analyses

1 2 3 4 5 6 7 8 9
1. Age
2. Education -0.08
3. Somatometric 0.28**  -0.32**
4. Inflammation  0.08 -0.30**  0.47**
5. GAMA -0.23** 0.53**  -0.29**  -0.39**
6. HOMA-IR 0.05 -0.16* 0.38** 0.26**  -0.06
7. Adiponectin 0.08 0.20**  -0.24**  -0.13 0.002 -0.28**
8. Godin -0.25* 0.14 0.33* 0.22%* 0.13 -0.19* 0.02
9. STAI-T -0.18* -0.04 0.09 0.09 -0.11 0.04 -0.06 0.16
10. BDI-II -0.20**  -0.09 0.12 0.08 -0.21%* 0.007 -0.03 0.17 0.78**

Somatometric = composite index BMI, WHR, BF%; Inflammation = composite index hs-CRP,

ESR, fibrinogen;, GAMA = General Ability Measure for Adults (raw score); HOMA-IR =

Homeostasis Model Assessment of Insulin Resistance; Godin = Leisure-time physical activity;

STAI-T = Trait Anxiety Inventory; BDI-Il = Beck Depression Inventory Il; *p < 0.05. ** p < 0.01.



As illustrated in Figure 14, results suggested that Model 1, which tested the
hypothesis that obesity (somatometric index) impacts cognitive ability (GAMA) through
inflammation, controlling for psychological, life style, and physiological processes, fitted the
current data significantly better (x°=9.6, df=10, p=0.48, Normed Fit Index [NFI]=0.953,
Comparative Fit Index [CFI]=1.00, Root Mean Square Error of Approximation
[RMSEA]=0.0001) than the poorly fitting alternative Model 2 (x’= 34.51, df=10, p=0.001,
NFI=0.830, CFI=0.866, RMSEA=0.114). Model 2 examined the reverse hypothesis that lower
cognitive abilities would lead to higher rates of obesity (again controlling for psychological,
life style, and other physiological processes). Finally, Akaike’s Information Criterion (AIC),
which is widely used to compare non-nested models originating from the same data, was
considerably smaller (AIC=59.61) for Model 1 than Model 2 (AIC=84.10), suggesting better fit
of the former. Notably, the smaller R? values in Model 1 (describing the regression of GAMA
on each of the mediators) as compared to Model 2 (describing the regression of the
Somatometric index on the same mediators) is explained by the stronger direct paths of
each physiological/exercise variable with the Somatometric variable. It is further expected
that these associations will be stronger than the direct effects of the same
physiological/exercise variables on the (conceptually more distal) cognitive measure.

In order to ensure that the data set possessed adequate power for model testing, the
structural model in which GAMA was a function of BDI, inflammation, adiponectin,
metabolic profile, and Godin and all being a function of somatometrics was simulated with
between-construct paths equal to .25, to be on the conservative side. Using a Monte Carlo

simulation with 500 replications and sample sizes equal to 180 participants results pointed
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Figure 14. Comparison of the two alternative path models: Model 1 examines the impact of

obesity (somatometric) on general cognitive ability (GAMA) while Model 2 tests the reverse path

with general cognitive ability resulting in obesity through psychological, inflammation, and

physiological parameters. Significant standartized coefficients (p < 0.01) and R-squared values are

shown. Somatometric = composite index BMI, WHR, BF%; Inflammation = composite index hs-

CRP, ESR, fibrinogen; GAMA = General Ability Measure for Adults (raw score); Metabolic Profile =

HOMA-IR; Godin (sqrt) = Square root transformed Godin raw scores; BDI-Il = Beck Depression

Inventory |l total score.



to the presence of minimal bias. Specifically, the bias of the chi-square statistic was equal to
zero in terms of probabilities of rejected chi square values and the actual estimates on the
chi-square values between the expected mode (with 10df) and the observed bootstrapped
model was equal to 0.140. With an expected RMSEA of .059 estimates were equal to .067
suggesting a bias of .008, which was negligible. Last, with regard to the mean square error of
the path estimates, it ranged between .0044 and .0079. Thus, all power analysis results
corroborated with the premise that 180 participants were sufficient to obtain solutions with

valid path estimates, and proper rejection rates of the chi-square statistic.

5.3 Does the effect of inflammation depend on other factors?

In these analyses we assessed interactions between psychological, life style, and
metabolic parameters as modifiers of the direct and/or indirect (via inflammation) effects of
obesity on cognitive function. Moderating effects (a;X*W and b;X*W terms in Equations 1
and 2) failed to reach significance for all variables (BDI-Il, STAI-T, Godin, adiponectin, HOMA-
IR) with the exception of obesity group. This was largely expected given the scarcity of zero-
order correlations (see table 4) of the proposed moderators with GAMA (with the exception
of a small correlation with BDI score, r=-0.21), somatometric index (with the exception of
HOMA-IR with somatometric: r=0.38 and adiponectin with somatometric: r=-0.24), and
inflammation (with the exception of HOMA-IR with inflammation: r=0.26).

The model including obesity group as a moderator was significant, R*=0.19, F(5,
174)=9.80, p=0.0001, revealing a significant moderating effect of obesity group on the
association between body weight/fat content and inflammation, a;=0.39, SE=0.10, p =
0.0002. In separate mediated regression analyses performed for each obesity subgroup the

presence of significant mediated effects of inflammation were established only for obese
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participants as shown in Table 5. These effects persisted after controlling for demographic

variables.

Table 5.

Direct and indirect effects of body weight and fat content on problem solving ability (GAMA

total score) through systemic low-grade inflammation for each obesity subgroup

Covariates R? Direct effect a b Indirect effect! Cl and

(c1") normal theory test
Normal-Weight 0.07 -4.72 0.04 -1.61 -0.64 (0.43)

(2.91) (0.13) (2.46) Cl:-1.51t00.39 z=-0.16
Overweight 0.01 -0.96 0.20 -1.26 -0.26 (0.58)

(2.81) (0.24) (1.90) Cl:-2.84t00.38 z=-0.38
Obese 0.27 1.40 0.9 -4.40 -4.02 (1.18)

(2.16) (0.24)** (.96)***  (Cl.-7.33t0-2.11z=-2.88**
Obese
(with age 0.41 1.01 -3.69 -3.74 (1.39)

0.27

education, &
(1.91) (0.25)***  (1.0)**  Cl:-6.80t0-1.48 z=-2.66*

gender as
covariates)

*p < 0.01, **p <0.001, ***p <0.0001. Unstandardized regression coefficients are shown (SE in

parentheses). Cl: 95% confidence interval for the indirect effect. 'bM in Equation 2.



Complementary ANOVAs with obesity group (with 3 levels) and degree-of-
inflammation group (with two levels through a median split on the inflammation composite
variable) as the between subjects variable, revealed a significant main effect of obesity,
F(2,167)=4.36, p=0.014, which was superseded by the two-way interaction, F(2,167)=5.40,
p=0.005. Follow up simple main effects tests indicated that the effect of obesity remained
significant only among participants showing relatively high systemic inflammation,
F(2,56)=10.24, p=0.0001 (p>0.85 among low inflammation participants). Figure 15 shows
that this effect was due to significantly lower GAMA scores for obese as compared to either
normal weight or overweight individuals. Moreover, the trend for lower GAMA scores in the
obese group was significant only among those participants displaying above average
inflammatory indices, F(1,61)=22.66, p=0.0001 (p >0.83 among normal weight and
overweight individuals). These results persisted after controlling for demographic variables
(age and education level), HOMA-IR, anxiety and depression symptoms.

A similar set of analyses examining the effects of obesity (with 3 levels) and
metabolic profile groups (with two levels through a median split on HOMA-IR) failed to

reveal a main effect of metabolic profile group or a two-way interaction.
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Figure 15. GAMA total standard scores as a function of obesity and inflammation severity

group. Bars indicate standard error.



6. Discussion

In this study we assessed the association between obesity, low grade inflammation
and cognitive ability in a community sample of young and middle-aged Greek adults free of
any obvious medical or psychiatric diseases and grouped as per their BMI. Firstly, our results
showed an inverse association between elevated BMI and cognitive performance -using a
test of non-verbal logical reasoning ability and fluid intelligence- confirming previously
published reports. More specifically, obese participants displayed significantly poorer
performance compared to age-matched overweight and normal-weight persons. The novel
finding of this work is that obesity-linked chronic low grade inflammation, the principal
cause of all metabolic consequences of obesity (insulin resistance, Diabetes Mellitus,
atherosclerosis, etc) appears to be directly associated to cognitive defects as demonstrated

by both group-level analyses and mediated regression models.

6.1 Integration of the main finding (CLGI mediating role in the obesity-fluid
intelligence inverse association) in the current inflammation-obesity literature

It is now increasingly recognized that the deleterious effects of obesity on cognition
arise much earlier than previously thought and are not solely mediated by the commonly
seen clinical consequences of obesity, such as hypertension, diabetes and atherosclerosis®®.
Instead these effects may result from obesity-related early pathophysiological consequences
on innate immunity?®® which, in turn directly harm the central nervous system (CNS).

Cognitive impairments due to inflammation within the CNS have been long
recognized in many domains, including learning, memory and attention®®’. For instance, a

single LPS intracerebroventricular infusion in mice is visualized in the cortical tissue
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microarray analyses not only as an augmentation in the gene expression associated with
inflammation but also as a substantial downregulation in genes well recognized as learning
and memory mediators?®. A variety of neuroinflammation-induced mechanisms imposing
cognitive and behavioral changes have been identified, such as the above mentioned

288,289 35 well as alterations in neuronal function, reduced

regulation of gene expression
neurogenesis and impaired long-term potentiation®”. However, in regard to peripheral
inflammation, though it has been repeatedly observed that it is also capable to generate
cognitive dysfunction as seen in acute infections®®* and recent surgical procedures®?, the
brain was thought to be privileged shielded against peripheral immune activation by the
blood-brain barrier (BBB). Still just like central administration, systemic LPS has been found
to produce deficits in working memory in rodents®*® and the cognitive impact of peripheral
inflammation is believed to occur in direct association with proliferation of inflammatory
agents within the CNS**, during situations like sepsis or chronic repeated stress, believed to
effectively yield the BBB defense®”.

The obesity related CLGI in peripheral tissues and the circulation was established
some time ago169 yet in support of the results of our study, evidence deriving from animal
models showing that obesity can also eventuate in central inflammation is a relatively recent
one. High-fat diet-induced obesity was found to result in inflammation-mediated harmfull
effects in the hypothalamus®®® and peripheral inflammation due to maternal obesity as a
result of high fat diet can be transferred to offspring's brain, resulting in increased microglial
activity (the brain’s resident macrophages) in the hippocampus at birth, elevated pro-
inflammatory cytokine responses in adulthood, anxiety, and spatial learning difficulties®”’. In

another study, mice subjected to a very high fat lard diet (60%) presented with weight gain

exhibited areas of brain inflammation associated with poorer performance on a challenging



maze task, compared to mice administered a high fat, Western diet (41% fat) resulting in

2% Taken together, these experimental findings

weight gain but not in brain inflammation
support the notion that CLGI constitutes a pathway via which obesity causes impaired
cognition much earlier and independently of the other obesity-induced comorbidities.
Molecular pathways linking high fat diet/obesity to feeding-metabolism regulation as
well as cognitive dysfunction are currently under thorough investigation. It has been
proposed that cafeteria-diet may fracture the BBB in the hippocampus in rats through
downregulation of mRNA expression of tight junction proteins, particularly Claudin-5 and -
12, in the choroid plexus®®®. Consequently, elevated levels of circulating free fatty acids, pro-
inflammatory cytokines, chemokines and immune cells (all elements of the systemic CLGI
profile) may infiltrate the brain. Areas such as the arcuate nucleus of the hypothalamus and
other circumventricular organs, believed to be less equipped with an effective BBB have also

300

been proposed to easier grant access to such potentially damaging circulating factors™ . In

this way TLR4 receptors, known to recognize both LPS and extracellular lipids as pro-

inflammatory factors30%302

, may be exposed to the presence of systemic free fat acids
accumulation due to prolonged high fat feeding and their activation might mark the
commencement of the inflammatory cascade within microglia and astrocytes303. Likewise,

304 As a result, a local

proinflammatory cytokines may also set in motion cytokine receptors
hypothalamic inflammatory milieu is thought to be formatted, echoing the perpetuated
systemic CLGI. Importantly, this central inflammation can actually contribute to leptin and
insulin resistance, making them less able to suppress hunger and feeding, thus favoring

) .
%305 Moreover, very recent studies

weight gain and sustenance of the buildup body weight
add up to the above findings by molecularly depicting in the brain, the long clinically

observed associations between different dietary composition, inflammatory and cognitive
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outcomes>%. Maric et al. (2014)*”” showed that after 8 weeks, hypothalamic inflammation
was more enhanced in mice fed a diet rich in saturated fats in comparison to mice fed
unsaturated fats, while notably a similar pattern was seen for saturated fats from different
sources, with those deriving from animal fat (butter) exhibiting a more prominent
inflammatory hypothalamic response in comparison to saturated fats from plant fat

307

(coconut oil)™". The specific mechanisms behind these differences are currently unknown

308 Even

and most of the work done in this area is naturally based on animal obesity models
so, one could theorize that in humans and in regard to the comparison between
Westernized diet (one high in saturated fat and refined carbohydrates) and Mediterranean
diet (a predominantly plant-based diet, with olive oil being the main type of added fat), the
link between the anti-inflammatory>®, satiety promoting®'® and well established in the long
run cognitive protective properties311 of the latter, may well be literally “crossing” through
the hypothalamus.

Therefore, there is at present good evidence that high fat feeding induces
inflammation within the hypothalamus. Yet, whether inflammation diffuses to —and to

296,303
d

which- other extra-hypothalamic brain regions is currently less studie . Some recent

experimental data point to this direction and also seem to highlight duration of the rich fat
diet exposure as a highly important factor in these regard: inflammation occurrence in the
hypothalamus of mice has been found to settle as early as three days to three weeks after
the initiation of the high fat dietary regime and to spread into extra-hypothalamic regions

312

after continuation of this regimen for more than eight weeks™™*. Inflammatory effects have

been recognized in the frontal cortex on high fat diet fed mice after 14 weeks compared to

314,315

controls®®® in the hippocampus after 20 weeks and widespread in the neocortex after 5

months of exposure>*.



It is well known that frontal lobe integrity (at least in humans) is for executive

1% as hippocampus integrity for good

functions and fluid intelligence as largely essentia
learning and memory functions®’. Neuropsychological research has repeatedly shown that
measures of fluid intelligence, purported to be mainly mediated by executive functions in
frontal lobe regions of the brain, is less resilient to physiological challenges such as physical
damage and ageing than their crystallized equivalents (crystallized intelligence is highly
based in explicit memory)**®. In our study this is also confirmed for another physiological
challenge, that of obesity and its innate immunity activated pathophysiological
consequences. Though highly premature and based only on animal work, we could not avoid
but notice that the above “time-table” of experimental inflammatory diffusion in the brain
(after hypothalamus, frontal lobes are the first to appear affected, and then hippocampus)
seems to follow an analogous pattern with the one seen in obesity-cognition relationship
examination: lower scores in measures of fluid intelligence (as shown in our study) and our
free of obesity evident medical conditions sample) and executive function (in other

studies>’ 160

) seem to be a recurrent finding among ostensibly healthy obese subjects, while
memory and learning problems are not as robustly evident in such sample5151.

Keeping in mind the close functional connection of fluid intelligence and frontal
lobes, there are further data from the obesity related literature that tie in, both with our
main finding of the CLGI mediating role in the obesity-fluid intelligence negative association,
as well as the above presented findings of high fat feeding and consequently peripheral
inflammation being capable to form a central brain inflammation in the hypothalamus and

possibly over time in other brain areas too. Inflammatory markers have been linked with

reduced total brain volume®*®, a marker of atrophy.
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Such kind of brain structural changes have also been detected in obese individuals,
providing further evidence that neuronal degradation, possibly due to inflammatory
processes, is highly implicated in the obesity-cognition relationship32°. Lower brain volume
has been associated with obesity in many different populations such as in either already
cognitively challenged MCI and Alzheimer patients®*?, in cognitively intact elders®*? or more
significantly in healthy middle-aged obese adults irrespectively of their age and other

161,323,324

relevant clinical variables . The brain areas discovered to be affected are of great

interest, especially under the light of our findings for fluid intelligence obesity induced
impairment. White matter integrity seems to be ruptured throughout the brain®2%, but
elevated BMlI is also reportedly linked to reduction in focal gray matter volume and enlarged

327 Functional exploration of the

orbitofrontal white matter, particularly in the frontal lobes
obese brain has provided us with similar results: higher obesity indices associated with
decreased regional blood flow*?® as well as reduced brain metabolism®? in the prefrontal
cerebral cortex of otherwise healthy obese adults.

Overall, both in neuropsychological based (like ours) and experimental or imaging
studies as those presented above, frontal lobes appear particularly prone to the adverse
physiological effects of obesity. If we built on the working hypothesis that obesity related
inflammatory processes are in action here, the selective vulnerability of this brain region
may be attributable to a variety of underlying mechanisms. A denser expression of
inflammatory cytokines in this area may explain the above observations. For instance, IL-6
m-RNA and protein in rat brain were more plentifully discovered in the hippocampus and

30 More

cortex and with firmer expression in neurons than in astrocytes or microglia
evidences on differences in the brain allocation of inflammatory cytokine expression may

give us more insight in the purported inflammatory effects on certain and not other



cognitive domains (at least at the beginning of the inflammatory process). Of course, other
mechanisms must be almost certainly contributing conjointly to this inflammatory effect and
research in this field continues.

Hence, as in the general population, measurements of lowered cognitive

performance and brain atrophy findings are strong predictors of future cognitive decline and

331,332

dementia advent , such early signs of both in obese middle aged adults suggest that this

population is already at a greater risk of neurocognitive deterioration.
On the other hand, progressive atrophy and cognitive problems of a relatively subtle
nature are characteristics of normal aging too. Namely, normal aging is often accompanied

by impairments mostly in the frontal-subcortical brain functioning®*® cognitive declines

334-336

predominantly in processing speed and executive functioning . Episodic memory is also

287
d

affected but semantic memory and language are rarely influenced”’. This pattern of

cognitive decline seems to closely resemble the one seen developing languidly throughout
the lifespan in association to obesity (in younger ages though). For instance, higher adiposity

in children and adolescent has been consistently linked to poorer executive function,

inhibitory control and attention but not to worse memory and learning performance337'338.

However, in many of the relative studies in middle aged individuals, indications for memory

151

and learning problems seem to be further added to executive impairments=-. Apart from

those shared cognitive characteristics, aging and obesity both appear to be situations

predictive of increased vulnerability to situations closely related to brain health, such as

340-342

traumatic brain injury®*® and stroke (for stroke independently of diabetes,

hypertension, or hypercholesterolemia), with slower recovery and more complications at
343

occurrence” . Added to innumerous study observations of the obesity’s capability to

aggravate the severity of other common age-related diseases like hypertension and
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myocardial infarction, it has been proposed that obesity is actually an early-onset cognitively
aging proce55287.

In this direction, we were interested to determine if the magnitude of the purported
effect of obesity on cognition varies with BMI. According to this hypothesis, obese
individuals would be more likely to have suffered the subtle but adverse effects of low grade
inflammation at a greater intensity and for a longer period of time than non-obese
participants, sufficient to incur detectable cognitive impairment. Moderation analyses
performed in the present sample (using BMI group as a moderator of the obesity-
inflammation-cognition association) suggested that these effects may indeed be stronger
among obese individuals, but subgroup sizes were relatively small to allow for firm
conclusions to be drawn. Notably, the cross-sectional design of this study does not permit
quantification of the inflammation "history" of participants, necessary to establish critical
features of inflammation potentially leading to cognitive decline.

Even so, in the long run, persistent through lifetime obesity-induced CLGI is destined
to coalesce with further inflammatory processes observed in elderly, independently of

134 were the first to

participants’ earlier weight profile. Indeed, in 2000 Franceschi et a
describe an upregulation of the inflammatory response in the elderly, and coined the term
‘inflammaging’ to refer to this phenomenon. Inflammaging is now generally recognised as
another characteristic of old age as part of the general syndrome of immuno-senescence®®.
This upregulation results in the development of low-grade chronic systemic pro-
inflammatory state in the elderly, identical to that due to increased adiposity irrespective of
age. As expected, it is characterized by elevation of several interleukins as well as that of the

acute phase proteins produced by the liver in response to inflammatory cytokines like CRP.

Genetic, environmental and age-related factors contribute to the development of



inflammaging and include polymorphisms to the promoter regions of cytokines, cytokine
receptors and antagonists, age-related decreases in autophagy and of course increased

345

adiposity™ ~. Whereas our study focussed on adults younger than 65 years (mean age = 38.3

years), it is predicted that obesity will contribute to the worsening of inflammaging in the

I”

elderly further impacting on “natural” cognitive decline.
6.2 Examination of factors other than CLGI in the obesity-fluid intelligence
relationship

The medical literature suggests that, in addition to the degree of systemic
inflammation, obese individuals may differ in other pertinent physiological characteristics as
well. A considerable percentage of the adult obese population (up to 20%)3% appear to be
less susceptible to the unfavorable metabolic profile that typically accompanies obesity.
“Metabolically healthy” (MHO) as opposed to “metabolically unhealthy” obese (MUHO) have
been found to display higher levels of insulin sensitivity, no signs of hypertension, normal
lipid levels, low triglycerides, high HDL cholesterol and adiponectin concentrations and carry

347

lower risk for developing type 2 diabetes and cardiovascular disease™". It should be noted

however that the MHO are characterized by much lower levels of inflammation compared to

the other obese individuals®*®

. Given our results on the mediating role of inflammation in
obesity-cognitive performance decline, it appears reasonable to hypothesize that MHO are
less prone to cognitive difficulties compared to MUHO persons. To our knowledge the only
study addressing this question®*® did not support this hypothesis, failing to find differences
between metabolically abnormal and metabolically normal obese participants on a global

cognitive score either at baseline or at the 10 year follow up. However, given that Singh-

Manoux et al.>* did not include measures of inflammation, the potential role of low grade
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inflammation could not be assessed in this intriguing obesity phenotype. The small size of
the present sample notwithstanding, our group level results do not support this claim, by
failing to differentiate between obese persons with mild insulin resistance (inappropriately
elevated fasting and postprandial insulin levels) from those exhibiting full-blown insulin
resistance resulting in hyperglycemia and clinically evident Diabetes Mellitus.

We also explored the potential role of additional physiological factors, namely that of
insulin resistance (HOMA-IR) and adiponectin production, in obesity-related inflammation
possibly impacting cognition. However, bivariate correlations between these parameters and
GAMA, somatometric index, or inflammation were weak and including them as mediators in
the obesity-inflammation-cognition association did not support this hypothesis. Notably,
neither HOMA-IR nor adiponectin accounted for significant variability in GAMA scores,
contrary to the claim that adiponectin may assume a protective role on cognitive ability as
an effective insulin sensitizer®®. Circulating levels of adiponectin are known to be inversely

correlated to insulin levels. Given that adiponectin receptors have been identified in the

350,351 352,353

brain this protein may exhibit neuroprotective properties in addition to its

205,354

beneficial physiological properties . However, epidemiological studies investigating the

association of adiponectin with cognition are to date limited, focusing on elderly populations

and presenting controversial results. For instance, in a case-control study of elders aged 70—

355

89 years™ total adiponectin was neither associated to MCI, nor with vascular dementia in

356

another small sample study of similar design (aged 60-95 years)™". Other researchers

however, did manage to find significant effects with higher adiponectin levels measured in
the plasma and cerebrospinal fluid of both MCI (mean age 74.2) and AD patients (mean age

357

77.4) compared to normal controls (mean age 77.4)7’, thus associating increased

adiponectin to cognitively challenged states. Adiponectin was also recognized as an



independent risk factor for the development of dementia (including AD) in a prospect cohort
study of elders with mean age of 72 years, although this effect was restricted to women®>2.
On the contrary, in a sample of Japanese elders (aged 62-72 years) a 10mg/| increase in
plasma adiponectin was found to have a suppressive effect on MCl emergence, thought only

in men>°.

In addition, increased adiponectin was associated with higher scores on a
composite index of executive function in a large sample of both men and women (aged 18-
86 with less than 10% older than 67)**°. In clinical practice, weight loss in old age is often a
sign of advent dementia and since adiponectin is inversely associated to BMI, it has been
suggested that higher levels of this adipokine are a mere correlates of higher incidence of

dementia and AD*®!

in these samples. However, lower adiponectin levels may actually be
caused by already progressing pathological processes, with dementia resulting in weight loss
and consequent rise of adiponectin and not the opposite. Adiponectin, in general, is evolving
into a adipokine of contradictions with even its link to lower risk for cardiovascular disease
being chaIIenged362_364. In summary, controversial findings in previous and in the current
study stress the need for further systematic investigations of the hypothesized inverse
association between adiponectin and obesity-related poor cognitive performance. Given
that adiponectin exists as multimeric isoforms comprised of High Molecular Weight (HMW),
hexamers and trimers indices of HMW adiponectin or HMW adiponectin/total adiponectin
have been suggested as better measures of insulin sensitivity than total adiponectin in
obesity, diabetes and cardiovascular disease. In this context, use of HMW adiponectin may
better serve the adiponectin-cognition investigation>°”.

Other factors presently addressed as potential mediators in our proposed obesity-

inflammation-cognition model were symptoms of depression and anxiety. Compromised

cognitive function, especially in the areas of sustained attention and mental flexibility, has
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been identified as a characteristic of clinical and subclinical depression . Moreover,

elevated levels of stress and anxiety have been linked to impaired performance on cognitive

260 261

tasks™ as well as increased body weight®". Thus, psychoemotional well-being, as indexed

by the absence of symptoms of depression and anxiety has been implicated as a potential

mediator of the obesity-cognitive association®.

However, self-reported levels of such
symptoms did not differ among our three BMI groups, suggesting that obesity was
associated with reduced cognitive function in a more direct way, at least in the present
cohort. This finding is in contrast with at least one previous report linking self-reported levels

262 Nonetheless,

of negative emotions to cognitive impairments independently from BMI
participants in that study were heavily obese women (mean BMI = 43.2 + 3.8) seeking
surgical interventions and, unlike our community dwelling obese group (mean BMI = 34.22 +
3.7), both their inflammatory and psychoemotional profiles may have been overburdened.
Consistent with the null findings of the present study, large cross-sectional studies have also
failed to find strong associations between obesity and depression, while it was longitudinal
studies that established significant bidirectional links between obesity and depression366.
Examination of the obesity-cognition relationship critically implicates yet another
variable: physical activity. Though obesity assessment may subsume lack of activity,
independent measurement of this confounder is even more essential in the cognition
research context, as activity level has been proven to be an important predictor of cognitive

2 . . .. . .
63367388 The molecular basis of this association has been the subject of extensive

capacity
study, revealing that apart from increased synaptic plasticity and enhancement of the
underlying systems that support it—such as neurogenesis, elevated CNS metabolism and

angiogenesis—moderate exercise has also anti-inflammatory properties*®. The recent

conceptualization of CLGI as the common substrate of all obesity medical consequences (i.e.



glucose intolerance, hypertension etc.) provides an explanation of the remediation role of
exercise in a wide spectrum of obesity-induced health problems. Thus, given the important
role of physical activity on brain function, our finding of the mediating role of CLGI on
cognitive functioning is even more important: in our study, assessment of leisure-time
physical activity in this community dwelling sample showed a trend of lesser activity as BMI
increased, yet group differences did not reach statistical significance. This may have been an
artifact of the measurement scale used for physical activity, resulting in a severely positively
skewed Godin scores, given that—unfortunately but not surprisingly—most of the
participants reported zero leisure time physical activity over a typical week period. This
underlines the fact that the vast majority of our sample, independently of their present BMI
status, did not benefit from the neuroprotective effects of exercise. This is crucial as it
indicates that a highly effective innate neuroprotective mechanism is kept idle, perhaps
allowing obesity-induced CLGI to impact brain physiology and, in the long run, cognitive

integrity, independently of the presence or not of obesity-induced co-morbidities.

6.3 Strengths and limitations of the study

. . . 7
In a very recent literature review Prickett et al.>”

readdress the relationship between
obesity and cognitive function in mid-life (18—65 years of age) and question whether there is
indeed evidence that this association is independent of obesity-related comorbidities. The
review suggests that there are inconsistencies in this line of research possibly related to
neglect of confounds relevant both to obesity and cognitive function (i.e. age, education,
depression and CVD risk variables), differences in exclusion criteria (i.e. neurological

diagnoses, substance use and head injury), small sample sizes, and occasional use of

normative data instead of control groups for cognitive evaluation (a problematic
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methodology as different tests use different normative samples, with unknown
somatometric characteristics). The present study was designed to address several such
confounders, employing a reasonably large final sample (N=180), statistical adjustment for
age and education level across weight groups, utilization of the Charlson Index for
quantification of comorbidity burden (including CVD factors), and careful screening of
neurological, psychiatric or brain injury history of prospective participants. Estimation of
socioeconomic status, though relatively crude (due to cultural inconvenience of income
inquiry in a more direct way) was also thought to be important in this obesity-cognition
relationship as social class is positively associated with cognition®’* and negatively associated
with BMI*”2. Additionally, taking into consideration the inherent shortcomings of the BMI
index for obesity assessment, two more obesity indices were employed: total body fat
percentage and WHR respectively. We further, validated the BIA measure of total body fat
against the more robust DEXA assessment. The creation of composite somatometric, as well
as inflammation variable, did not only simplify the statistical analysis but also guarded the
results against Type | error.

However, the study suffers certain weaknesses. An important limitation was that the
sample consisted mainly of women, preventing exploration of potential sex differences on
the proposed impact of obesity and associated low grade inflammation on cognitive ability.
In the current sample, however, there was no evidence of an effect of gender on the relation
between obesity and cognition. Furthermore, cognitive changes during the menstrual cycle
were not considered in the analyses®’®, although participant recruitment and testing
schedules should have ensured random distribution of such effects across BMI groups.

A second limitation of the present study was reliance upon a single measure of

cognitive ability, while earlier studies focusing exclusively on the obesity-cognition link



examined this association more thoroughly, utilizing extensive test batteries that address
specific cognitive domains. In this context, it was fortuitous that significant effects of obesity
and inflammation were found on a measure designed to assess general cognitive ability in
the form of fluid intelligence. The sensitivity of GAMA to the effects of obesity and
inflammation are not surprising, however, in view of (a) the very high correlations between
GAMA scores and, primarily, performance 1Q as measured by comprehensive batteries?®®%®,
(b) that adequate performance on this task requires reasoning ability, as well as cognitive
flexibility, given the variety of alternating logical problems featured and, (c) that GAMA is a
timed task, rendering performance sensitive to individual differences in processing speed.
Notably, both cognitive flexibility and processing speed are particularly susceptible to diffuse
brain insults.

It should further be noted that other commonly used measures of GLGI, such as pro-
inflammatory cytokines (e.g., IL-6), were not explored in the present study in view of extant
evidence that elevated C-reactive Protein (CRP) is the most robust marker of chronic low

374-376

grade inflammation of obesity an insulin resistance . The fact that the vast majority of

reports of chronic low grade inflammation of obesity use this marker, makes the current
data comparable to the published literature?3%332377.378

Perhaps the most critical weakness of the current study is the cross-sectional nature
of the data, which rendered them incapable of providing a strong test for the directionality
of the obesity-inflammation-cognition relationship. Cognitive flexibility and logical reasoning
ability, which are considered among the key components of fluid intelligence, are in principle
important determinants of everyday decision making, and are likely involved in the adoption
241,242-

of healthy lifestyle and behaviors (nutritional choices and physical activity)

Impairments in such abilities may explain obesity development through poor health choices
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while the accumulation of body fat and the ensuing low-grade systemic inflammation may
account for further cognitive decline. This hypothetical cycle of events may also explain the
long term failure of common obesity prevention and treatment strategies (information on
healthy eating choices, encouragement of physical activity and appropriate diet)®”°. While
longitudinal evidence is required to clarify this issue, structural modeling of the present
cross-sectional data set provides preliminary support to the notion that obesity adversely
affects general cognitive ability through a cascade of physiological events rather than the
reverse.

Despite these limitations, we were able to identify cognitive decrements in a
carefully screened sample of obese individuals, who were free of other serious medical
conditions (e.g. chronic autoimmune or inflammatory diseases) or mental disorders (e.g.
depression), and establish a mediating role of chronic low grade inflammation. Baring in
mind that obesity often coexists with other medical conditions (e.g., diabetes, hypertension,
sleep apnea syndrome) known to be independently associated with cognitive deficits, it is
expected that in a consecutive, unscreened sample of obese individuals, more severe

cognitive deficits would be documented.

6.5 Implications of obesity-induced fluid intelligence impairment at the individual
and societal level

It is important to keep in mind that the present study does not suggest that there is
an overall intelligence impairment in the obese, but rather a reduction in performance on a
widely-used type of assessment of fluid intelligence. Although, this reduction in performance
does not reach clinically significant levels for the majority of participants, it is sufficiently

severe to be noted on a single test. At an individual level, deficits in specific low-order



cognitive domains may be compensated in everyday life by other cognitive abilities or
behavioral strategies, hence individuals may present a better overall cognitive profile in daily
interactions. Memory deficits for example could be compensated by use of mnemonic rules
or note keeping. However, poorer performance on a general fluid intelligence test as is the
case in this study, implies that individuals of elevated body composition indices are affected
in a subtle but quite substantive manner. Logical reasoning and problem solving abilities in
abstract contexts, such as those assessed by GAMA, are less easy to compensate for and
closely linked to the capacity of the person to make successful everyday decisions, adapt to
everyday life challenges flexibly, effectively self-monitor their own behavior and refrain from
impulsive decisions and choices. As already mentioned above, in the context of a healthy
lifestyle and eating choices, this type of cognitive difficulty could be translated in difficulties
in initiating beneficial diet regimes, given that logical reasoning entails the capacity to grasp
the “bigger picture” and form new concepts, such as what constitutes or not a healthy diet.
On the other hand, cognitive inflexibility, poor self-monitoring and impulsivity could be
manifested as difficulties in developing and managing individual diet and exercise plans and
in sustaining freshly established healthy habits (e.g. specific health constrains).

Research has documented that when cognitive recourses diminish, heuristic based

procedures tend to dominate individual choices®®

. This, in synergy with the fact that eating
decisions in particular are mostly speedy reactions®®! and largely defined on habitual
grounds>®? makes it more likely that food consumption is more of an automatic response
than a conscious goal-directed decision®®. Thus, individuals with obesity-induced,
“dampened” cognitive defenses are even more vulnerable to impulsive, nearly unconscious

food consumption as well as to alluring external (sight of food, savory aroma) and internal

(palatability) cues.
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This population might be more susceptible to maladaptive eating patterns in yet
another way. Unimpaired cognitive resources have been implicated in effective emotional
regulation, a dynamic system that operates both consciously and unconsciously to monitor
emotional states and responses in everyday life and engage specific strategies in order to

maintain, alleviate or intensify these states®®*

. As a self-regulatory process, emotion
regulation may control the affective processes that relate to eating and especially “comfort”
food consumption. Consequently, findings of fluid intelligence problems in obese may be
reflected in an inability to reserve inappropriate but compelling habitual emotional-induced
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eating responses™ . Those effects are further amplified by the hedonic characteristics of

food rich in fat, sugar and salt (that make them highly palatable), which stimulate the brain

reward circuits>®

. Given that westernized environment is a highly obesogenic one (involving
ease of access to abundant food of high caloric value, sedentary lifestyle, chronically
stressful conditions in a sleep-deprived 24/7 philosophy schedule) obese individuals are
trapped in a vicious circle, whose cognitive ramifications are only presently emerging.

The above remarks may raise concerns at an individual level, but from a macroscopic
point of view an even more worrisome perspective is revealed. As average lifespan
continues to climb, it is becoming increasingly obvious that age-related diseases constitute a
growing proportion of social and healthcare burden. It follows that along with longevity, high
quality of life is pivotal and this is largely defined by the ability of independent living, a
principally cognitively dependant possibility. However, as obesity rates continue to
proliferate and increasingly infiltrate ever younger ages, accumulating effects of obesity-
related CLGI may significantly contribute to the dementia epidemic.

Middle-aged adults, the population targeted in this study, are not only those to grow

into future elders but also those to nurture the next obese generations as parents. This is
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particularly important in view of: a) evidence showing that weight loss reverses the
deleterious inflammatory profile of obesity and potentially prevents acceleration of future
age-related cognitive decline and b) research in childhood obesity has shown that effectively

treating parents for obesity may be sufficient to impact offspring obesity issues>®.

6.6 Future directions

CLGI, as the principal component in the development of medical pathologies
accompanying obesity, is now also implicated in early-onset neurocognitive decline, and
emerges as a promising therapeutic target. Though it may be argued that research has not
yet firmly established the magnitude of its independent impact on cognitive outcomes, given
the obesity proliferation, CLGl may be highly prevalent in the population posing significant
public health risks. Future studies with larger samples of both sexes as well as use of a more
thorough neurocognitive evaluation are needed to replicate our findings and determine if
the results concerning CLGI are different for specific cognitive domains or sexes. Of great
interest is also the degree and exposure duration required for the obesity-related
inflammation burden to impact cognition. Longitudinal studies are essential in this direction,
taking into account fluctuations in inflammatory processes associated with fluctuations in
body weight, often seen in persons repetitively struggling with various diet schemes. This
could prove especially challenging as losing weight may suppress CLGI but it may also
promote other inflammatory reactions, especially if extreme weight reduction regimes are
enacted.

There is some evidence that the neuropsychological sequelae of obesity may be
partly reversible. Thus, long term monitoring of an obese population with well-established

baseline cognitive capabilities, is necessary in order to evaluate patterns of intra-individual
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variations in cognitive performance associated with somatometric and physiological indices
and determine the optimal degree of weight reduction needed for any beneficial effects on
cognition to take place. Long-term longitudinal data would make it possible to estimate the
effect of aging per se as well as the indirect effects of aging on the levels and impact of
potential neuroprotective agents. In this regard childhood obesity is particularly important.
Maturation of executive function, which is known to evolve well into adolescence®*?, may be
especially hampered by obesity-related CLGI. Furthermore, loss of weight in elders that
often signify the clinical onset of dementia, also point to the direction of critical
developmental points in relation to inflammatory processes and obesity interactions.

Of course, reduction of inflammatory signaling through lifestyle modifications known
to reduce weight and cardiovascular disease (caloric restriction and/or healthier diet
regimen, physical activity), faces the same old challenge: inability of the targeted population
to maintain such changes over time. Identification of obesity related cognitive impairment
opens a novel and exciting research prospective in this respect. Along with classic
interventions, addressing cognitive deficits through cognitive remediation therapy as
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proposed by Smith et a may improve one’s ability to attend, remember and think clearly

in relation to eating behavior. Cognitive remediation or cognitive enhancement is an
empirically validated intervention, designed to enhance adaptive cognitive skills and improve

functioning™®’.

These efforts involve complementary strategies: cognitive remediation
techniques—through drills and exercises, in paper and pencil or computerized form,
individualized or group-based, and support in developing compensatory, adaptive strategies.
Such approaches are currently used widely in the management of conditions involving
cognitive deficits such as attention deficit disorder, brain injury, and schizophrenia spectrum
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disorders™’. More recently, cognitive remediation programs have been applied to mood
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disorders®

and anorexia nervosa®®. As both conditions adjoin obesity, encouraging
outcomes in these areas, render cognitive remediation a promising tool for excess adiposity

treatment.

In conclusion
In a country such as Greece that until recently followed a beneficial Mediterranean

390 and in

diet for weight control, incidence of obesity rises at an alarming rate both in adults
children®?, further adding to concerns regarding obesity-related cognitive dysfunction.
Enhancing our understanding of the underlying neuronal, endocrinological,
neuropsychological mechanisms and their complex interactions, could directly improve
strategies for obesity treatment or prevention. Studies such as this, revealing putative

pathways between obesity-related early pathophysiological consequences on innate

immunity and cognitive impairments may help in this direction.
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7. Highlights

¢ Obesity is sometimes associated with impaired cognitive performance

¢ Obesity-induced medical pathologies (i.e. insulin resistance, diabetes

mellitus, dyslipidemia, arteriosclerosis, hypertension, obstructive sleep
apnea syndrome) were early recognized as major causative pathways
leading to cognitive degradation

Growing evidence supports the notion that independently of those
physiological consequences, obesity is associated to impaired cognition
Development of chronic low grade inflammation (CLGI) represents the
earliest consequence of obesity thus emerging as a serious candidate
directly linking obesity and its neuropsychological sequelae

Results of this study confirmed an inverse association between elevated
BMI and cognitive performance, using a test of non-verbal logical
reasoning ability and fluid intelligence

Obese participants displayed significantly poorer performance compared
to age-matched overweight and normal-weight persons

The association between obesity and fluid intelligence impairment was
mediated by CLGI, independently of physiological (metabolic dysfunction
indices and adiponectin), psychological (anxiety and depression symptoms)
and life style (exercise) factors.

Comparison of two alternative pathways regarding the direction of the
obesity-cognition association revealed that a direct effect of obesity on

cognition through inflammation fitted the current data significantly better



than the reverse model which suggested that poor cognition might lead to
fat accumulation (through adoption of poor health choices)

Results support the hypothesis that reduced general cognitive ability is
linked to obesity, an adverse effect mainly mediated by obesity associated
activation of innate immunity

Contrary to earlier belief, the obesity associated neurocognitive
impairments might be established earlier than the onset of overt medical
obesity comorbidities

Implication of obesity-induced inflammatory processes in cognitive
impairment supports the notion that obesity is actually an early-onset
cognitively aging process

Adult and childhood obesity proliferation in Greece is rising, further adding
to concerns regarding obesity-related cognitive dysfunction and its

potential role in the rising incidence of dementia in the elderly
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9. Appendix

Part 1. General Ability Measure for Adults: problem paradigms

Matching Subscale

Appendix

Look at the sample below. Which answer (1,2,3,4,5 or 6) is the same as the first picture?

MY

Analogies Subscale

Which answer (1,2,3,4,5 or 6) goes on the question mark?

N pa Y
Ea
L

AmER
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Sequence subscale

Which answer (1,2,3,4,5 or 6) goes on the question mark to complete the pattern?

SIS B s

B & F| B[

Construct Subscale

Which answer (1,2,3,4,5 or 6) can be made with the shapes in the top box?
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The association between obesity and fluid intelligence impairment is
mediated by chronic low-grade inflammation
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Abstract

Published evidence suggests that obesity impairs cognition. Development of chronic low-grade inflammation (CLGI) represents the earliest
consequence of obesity. The present study investigated the association between obesity and fluid intelligence impairment and assessed the
potential mediating role of CLGI and psychological (depression/anxiety symptoms), lifestyle (exercise) and physiological (metabolic
dysfunction indices) factors in this association. Clinically healthy participants (z 188), grouped as per BMI, underwent cognitive (General
Ability Measure for Adults), psychological (Beck Depression Inventory-1I and State-Trait Anxiety Inventory) and activity (Godin leisure-time
physical activity) measurements. Biochemical parameters included the following: (a) indices of CLGI (high-sensitivity C-reactive protein,
erythrocyte sedimentation rate and fibrinogen); (b) insulin resistance (Homeostasis Model Assessment of Insulin Resistance index);
() adiposity (plasma adiponectin). An inverse association between elevated BMI and fluid intelligence was observed, with obese partici-
pants displaying significantly poorer performance compared with age-matched normal-weight peers. Structural equation modelling results
were consistent with a negative impact of obesity on cognition that was mediated by CLGI. The results of the present study support
the hypothesis that reduced general cognitive ability is associated with obesity, an adverse effect mainly mediated by obesity-associated
activation of innate immunity.

Key words: Obesity: BMI: Fluid intelligence impairment: Chronic low-grade inflammation: Adiponectin

Obesity causes multiple chronic metabolic disturbances
including insulin resistance, diabetes mellitus, dyslipidaemia,
hypertension, obstructive sleep apnoea syndrome and arte-
riosclerosis, which are further associated with impaired
cognition'"?’. However, there is growing evidence that the
poor performance of obese individuals on several neuropsycho-
logical tests may occur independently of the direct physiological
consequences of obesity”. Cognitive decrements have been
reported for memory'*>
those commonly associated with fluid intelligence™® . The

and executive functions, such as

risk of poor executive cognitive function has been found in
one study'” to be four times higher in obese individuals than
in non-obese individuals, independently of their demographic
and medical characteristics. Furthermore, it has been suggested
that the performance differences found in overweight and
obese adults compared with normal-weight peers may be

restricted to executive tasks after controlling for potential
confounding factors"”. Although the physiological conseque-
nces of obesity are increasingly better understood, the nature of
the association between obesity and cognitive capacity remains
unclear. According to one hypothesis, obesity may lead either
directly or indirectly to disturbances in brain function manifested
by poor cognitive performance. Alternatively, poor executive
functions (including planning, cognitive flexibility and logical
reasoning ability) may explain obesity development through
the adoption of poor health choices given that these abilities
are important determinants of everyday decision making (e.g.
dietary behaviour, low inhibition of palatable, yet low-nutritional
value food consumption, and low physical activity) "2,

It is now generally accepted that the development of chronic
low-grade inflammation (CLGI) may represent the earliest conse-
quence of obesity significantly contributing to the emergence of

Abbreviations: CLGI, chronic low-grade inflammation; CRP, C-reactive protein; ESR. erythrocyte sedimentation rate; GAMA, General Ability Measure

for Adults; hs-CRP, high-sensitivity C-reactive protein; HOMA-IR, Homeostasis Model Assessment of Insulin Resistance; 1Q, intelligence quotient;

STAL, State-Trait Anxiety Inventory; WHR, waist:hip ratio.

*Corresponding author: A. N. Margioris, fax +30 2810 394571, email andym@med.uoc.gr
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all other obesity-related pathophysiological co-morbidities.
CLGI is usually documented by elevation of the levels of acute
reactive proteins such as C-reactive protein (CRP; the most
conventional and robust marker of CLGI in obesity and insulin
resistance’'*='3"), serum amyloid A and fibrinogen and those
of inflammatory cytokines and chemokines such as IL-6 and
TNF-o''”. Data from several sources implicate CLGI to be
involved in cognitive impairments. For instance, high levels of
CRP in mid-life may increase the risk for the development of
dementia, independently of the development of cardiovascular
consequences‘m, whereas amelioration of CLGI has been
linked to milder patterns of cognitive impairment in dementia-
free middle-aged and elderly individuals'® ', Raised levels of
circulating CRP and fibrinogen and elevated plasma viscosity
predict, longitudinally, lower late-life cognitive ability*”. More
importantly, there is increasing evidence linking erythrocyte sedi-
mentation rate (ESR), a non-specific marker of CLGI, to reduced
performance in neuropsychological tests, even in healthy
young adults®". CLGI is the most important cause of obesity-
induced insulin resistance, which s, inturn, linked, either concur-
rently or prospectively, to impaired cognitive pcrformancc‘zz"
Moreover, obesity lowers the levels of circulating adiponectin,
which exerts anti-inflammatory as well as insulin-sensitising
effects. Recent work'*®” on the pathophysiology of obesity has
highlighted the potential role of adiponectin as a mediator of
obesity-induced CLGI. More specifically, hyperplastic adipocytes
in obese individuals undergo a phenotype change favouring
the expression of components of the inflammatory machinery,
i.e. the toll-like receptor 4, elevation of inflammatory cytokine
production and down-regulation of adiponectin production.
Lower levels of circulating adiponectin, which is strongly and
negatively associated with anthropometric indices of adiposity
and fat accumulation, further activate both innate and adaptive
inflammatory mechanisms, resulting in insulin resistance and
the development of a full-blown metabolic syndrome*".

The present cross-sectional study examined the association
between obesity-linked immune and metabolic effects, includ-
ing that of adiponectin, and general cognitive capacity. Using
data obtained from young and middle-aged Greek volunteers
who were largely free of other clinically evident obesity-
related medical co-morbidities, the study pursued two specific
goals: to examine the possible negative association between
body weight/fat content and fluid intelligence, as measured
by a non-verbal logical reasoning test, and to compare two
alternative path models regarding the direction of the obes-
ity—cognition association, including CLGI as a mediator
variable. Importantly, the potential mediating role of CLGI
was assessed by controlling for the effects of additional
physiological (metabolic dysfunction indices and adipo-
nectin), psychological (anxiety and depression symptoms)
and lifestyle (exercise) measures.

Methods
Participants and procedures

In total, 199 participants were recruited through direct contact
during regularly scheduled appointments for routine clinical

evaluations (e.g. complete blood count or other more specific
tests appropriate for their health condition) at primary care
facilities (private endocrinology practice and the University
Hospital outpatient clinic). The participants were free of
major and chronic autoimmune or connective tissue diseases.
Other existing medical co-morbidities were quantified using
the Charlson Comorbidity Index‘®>’
reported history of mental diseases, including depression,
and neurological disorders or traumatic brain injury (resulting
in > 10min loss of consciousness) were excluded from further
analyses (1 7). Furthermore, individuals with a recent history
of infection (reported or diagnosed during clinical examin-
ation) or demonstrating leukocytosis (leucocytes > 10-000)
were not included in the final sample. Obesity indices,
including BMI, waist:hip ratio (WHR) and body fat compo-
sition, were measured on site by a trained research assistant
in a quiet examination room during a scheduled appointment.
The assistant also administered the fluid intelligence test
and the self-reported questionnaires and conducted the
semi-structured mini-interview on health-related issues (e.g.
smoking, alcohol consumption and past medical history).

The participants were assigned to three groups: normal
weight (BMI range: 185-24-99kg/m?); overweight (BMI
range: 25—30kg/m?); obese (BMI =30 kg/m?). Sample clinical
and demographic information is given in Table 1.

The study was conducted according to the guidelines laid
down in the Declaration of Helsinki, and all procedures
involving human subjects were approved by the University
of Crete Hospital Ethics Committee (protocol no. 3842). All
participants  provided written informed consent following
a detailed explanation of the protocol. Participation was
voluntary, and the participants were not given financial
compensation for their time and effort.

Individuals with self-

Measures

Cognitive, psychological and activity measurements. The
General Ability Measure for Adults (GAMA)?®, developed by
one of the co-authors (A. N. B.), is a non-verbal measure of
general (primarily fluid) intelligence, independent of verbal
factors both in content and in administration, making the test
useful for diverse populations (e.g. ethnicity, language and
literacy). It consists of sixty-six problems utilising coloured,
abstract designs that require the examinee to match a sample
design (Matching scale), complete a pair of stimuli through
analogy to a model pair (Analogies scale), identify logical
sequences (Sequences scale) or combine pieces mentally to
form a complete geometric pattern (Construction scale). The
correct answer is selected from a set of six choices. Comparison
data were available for 453 Greek adults (257 women and 196
men), aged 17— 82 (mean 3996 (sp 14-47)) years with 2-24
years of formal education (mean 1309 (sp 308) years),
recruited from six broad geographical regions in the Greek
mainland and islands (296 from urban areas and 157 individuals
from rural areas or small towns (defined as population under
10000)). The sample was divided into nine subgroups repre-
senting full cross-over of age and education with a minimum
of thirty individuals per group. Education was converted into
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Table 1. Clinical and demographic information for each group of participants
(Mean values, standard deviations and ranges)
Normal weight Overweight Obese
Mean sD Range Mean sD Range Mean sD Range
n 55 54 71
Men 7 20 11
Women 48 34 60
Marital status
Single 36 27 26
Married 16 25 41
Divorced/widowed 3 2 4
Type of occupation
Sedentary 30 24 33
Manual 4 8 8
Mixed 21 22 30
Reported financial status
Poor 1 3 3
Average 30 26 42
Above average 24 25 26
Age (years) 39.91 9.92 19-54 3671 10.90 18-64 39-511t 11.38 17-62
Education (years) 16-40 2.79 12-22 15.29 260 6-22 13.72**11 2.91 6-22
BMI (kg/m?) 22.33* 1.76 18-65—24.98 27.37 1.42 25.04—29.86 34.22"*tt 379 30-12-45.88
WHR (cm/cm) 0.79** 0-07 0-65-1-02 0-88 0-06 0.73-0.97 0-89tt 0-09 0-69-1-14
Total fat (%) 27.73* 5-80 16-50-40-70 33.47 6-00 21.20-42-30 41.53**11 4-35 28-50-51-52
STAI-T 42.93 765 31-61 42.39 8.02 30-63 44.01 8-91 31-69
BDI-Il 10-35 731 0-00-27 10-81 8.22 0-00-35 12-85 8:40 0-00-48
Godin 27.04 17.99 0-00-65-00 21.81 19.74 0-00-79-00 14.49 13.95 0.00-52.-00
CCl
0 54 51 63
1 0 3 2
2 1 0 5
3 0 0 1

WHR, waist:hip ratio; STAI-T, State-Trait Anxiety Inventory; BDI-Il, Beck Depression Inventory Il; Geodin, leisure-time physical activity (total raw scores); CCl, Charlson

Comorbidity Index.

**Mean value was significantly different from that of the overweight group (P<0-01).
11 Mean value was significantly different from that of the normal-weight group (P<0-01).

a discrete variable with three levels: 0-9 years of formal
education; 10—12 years; 13+ years. Age was also grouped
into three levels (17-37, 38=50 and 51-65 years). Raw total
GAMA scores were converted into intelligence quotient
(IQ)-equivalent scores (mean 100 (sp 15)) adjusting for age
and education level. Raw scores on each of the four GAMA
subscales (Matching, Analogies, Sequences and Construction
scales) were converted into appropriate standard scores
(mean 10 (sp 3)). Performance in this test is strongly correlated
with scores on more comprehensive IQ measures, such as
the Wechsler Adult Intelligence Scale-Revised (WAIS-R)*.
GAMA correlated 074 with WAIS-R performance 1Q, 0-65 with
WAIS-R verbal IQ, and 0-75 with WAIS-R full-scale IQ. The mag-
nitude of these associations was similar in the presence of acute
brain damage (r0-74, 0-71 and 0-81, respectively)*”” and among
young adults experiencing academic difficulties (» 0 .69, 0-36
and 060, respectively'®™). Given that GAMA was originally
designed as a measure of fluid intelligence, achieving high
scores in the test requires adequate engagement of functions
generally considered to be ‘executive®®. Such presumed,
higher-order, yet diverse, cognitive functions serve the ability
to coordinate goal-directed thought and action and include
complex attention, mental flexibility, inhibition, problem sol-
ving and decision making. These functions are believed to be
primarily carried out by prefrontal areas®”. Solving the logical

problems in GAMA requires successful, continuous manage-
3132 and the ability to
switch cognitive strategies while dealing with different types
of alternating pr()blcms(jj'jq)
adult community cohort, performance in GAMA was found
to correlate strongly (r >0-60) with such measures. Internal
consistency (Cronbach’s a = 0-93) and test—retest reliability
(7 0-84; n 48) in the same cohort were adequate.

The revised edition of the Beck Depression Inventory-11>

ment of working memory resources

. In fact, in the present Greek

is a twenty-one-item self-report questionnaire, designed
to assess the intensity of Diagnostic and Statistical Manual
of Mental Disorders IV (DSM-IV) depressive symptomatology
in clinical and community adult samples. Each item consists
of four statements arranged in order of increasing severity
on a 0-3 scale (e.g. 0 ="T do not feel sad’ to 3 ="T am so
sad and unhappy that I can’t stand it"). The respondents are
asked to rate each set of the statements according to how
they have been feeling in the past 2 weeks, including the
date of questionnaire completion. A total score of less than
14 points indicates minimal depression symptoms, that of
14-19 points indicates mild depression symptoms, and that
of 20-28 points indicates moderate depression symptoms,
whereas a score between 29 and 63 points indicates severe
depression symptoms. The Greek version of Beck Depression
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The State-Trait Anxiety Inventory (STAIL, Y form)®” is a
self-report measure of the severity of anxiety feelings in
adults. The Greek version of the Trait Anxiety subscale
(STAI-TY® was used in the present study, assessing more
general and long-standing anxiety. Sample items include
‘1 feel nervous and restless’, ‘I lack self-confidence’ and
reverse-scored items such as ‘T am content’. Questions are
rated on a four-point Likert scale resulting in a score range
between 20 and 80 points, with higher scores indicating
greater anxiety. Cronbach’s a was 0-90.

Leisure-time physical activity was assessed using Godin's
self-administered questionnaire™. The participants reported
the number of times spent in physical activity lasting for at
least 15min in an average week and classified them as
strenuous, moderate or light (corresponding to 9, 5 or 3
metabolic equivalents). The total score was derived by
multiplying the reported frequency by its corresponding
metabolic equivalent value and summing the three products.
Test—retest reliability of the total score ranged between
062 and 0-81'*”. As with the majority of available self-
administered physical activity questionnaires, Godin scores
derived from broad community samples demonstrate a some-
what inconsistent validity profile. Correlations between Godin
scores and measures of energy expenditure are generally low
(r 0-10-0-32), although stronger associations with body fat
have been reported"®*" In all analyses involving Godin's
data, square root-transformed scores were used to correct
for significant positive skewness in the data.

Somatometrics. Total height and weight were measured
to calculate BMI (kg/m®. WHR (waist circumference:hip
circumference) is commonly used as a convenient index of
body fat centralisation (visceral obesity). Waist and hip
circumferences were measured at the level of umbilicus and
gluteus, respectively. Total body fat percentage (Fat%) was
estimated using bioelectrical impedance analysis employing
Akern BIA 101 (Akern, S.rl). To validate this technique,
body fat composition was determined using dual-energy
X-ray absorptiometry using Lunar DPX (GE Healthcare) in
a random subgroup of the participants (1 23), which along
with computed tomography is known to be the most
accurate assessment method of body fat“?. The correlation

used in the present study has Cronbach’'s

between bioelectrical impedance analysis and dual-energy
X-ray absorptiometry in this subgroup was linear and high
(r 0:91).

Biochemical indices. Morning fasting blood samples were
collected in a serum-separating tube from all participants,
allowed to clot at room temperature for 30 min, centrifuged,
aliquoted and stored at —80°C in plastic vials for subsequent
measurements. Biochemical analyses were performed at the
University of Crete, Laboratory of Clinical Chemistry. Among
the volunteers recruited, twelve demonstrated leukocytosis
and were excluded from further analyses. The following
indices were available for the remaining 180 participants:
(a) high-sensitivity C-reactive protein (hs-CRP) measured by
immuno-nephelometry assay on a Cobas 6000 analyser with
a detection limit of 0-18 mg/1 (Roche Diagnostics International,

Ltd); (b) fibrinogen; (¢) ESR. Insulin resistance was assessed
using the Homeostasis Model Assessment of Insulin Resistance
(HOMA-IR) index computed by multiplying serum levels of
glucose (mg/dl) by those of insulin (nU/ml) and dividing by
4059 Finally, total plasma adiponectin was quantified using
the Human Adiponectin ELISA Kit (catalogue no.: KHP0041;
Life Technologies Corporation).

To simplify the set of regression and path analyses
described below, composite indices for somatometric (BMI,
WHR and Fat%), and inflammation (hs-CRP, ESR and
fibrinogen) markers were assessed, expressed as the mean
of the respective Z-scores in the present study sample.
An exploratory factor analysis with Varimax rotation on the
six measures revealed two factors with eigenvalues >1.
Factor 1 was mainly accounted for by variance of fibrinogen,
ESR and hs-CRP (factor loadings ranged between 0-68 and
0-83), whereas factor 2 mainly reflected variance of the
three somatometric measures (factor loadings ranged between
0-69 and 0-86). Cross loadings did not exceed 0-39.
Correlations among somatometric indices ranged from r 0-23
(Fat%—WHR) to r 0-81 (BMI-Fat%). Correlations among
inflammation indices ranged from r 0-48 (fibrinogen—
hs-CRP) to r (0-56 (ESR—hs-CRP).

Statistical analysis

The first aim of the study was explored through ANOVA on
GAMA standard scores with BMI group as the between-
subjects variable with three levels (normal weight, overweight
and obese). Physiological and clinical variables, for which
the three groups should be found to vary significantly, were
also entered in a separate one-way ANOVA as covariates in
SPSS (version 20; SPSS, Inc.).

The second aim of the study was explored through
structural equation modelling analyses comparing the two
alternative, non-nested models shown in Fig. 1. Model 1
postulates a direct effect of obesity (somatometric index) on
cognition (GAMA total score), whereas model 2 represents
the reverse relationship. Each model included a number of
parallel mediators representing psychological (Beck Depre-
ssion Inventory-II and STAI-T scores), lifestyle (Godin’s
scores) and physiological (HOMA-IR and adiponectin) factors
and estimated both direct and indirect associations (i.e.
through each of the mediating variables) between obesity
and cognition. The two models were directly compared on
fit indices calculated in AMOS version 20 (SPSS, Inc.). This
statistical technique allows testing of theoretical pathways
involving causal relationships and is thus suitable for inferen-
tial analysis of cross-sectional data™**,

Results
BMI group comparisons

The series of one-way between-subjects ANOVA confirmed

the expected group differences in WHR (F(2,177) = 30-65,

P=0-0005, 7> = 0-261) and Fat% (F(2,177) = 81-03, P=0-0005,
2

n° = 0-568). As shown in Table 1, all pairwise group differences
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Fig. 1. Comparison of the two alternative path models: model 1 examines the impact of obesity (somatometric) on general cognitive ability (General Ability
Measure for Adults (GAMA, raw score)), while model 2 tests the reverse path with general cognitive ability impairment resulting in obesity through psychological,
inflammation and physiological parameters. Significant standardised coefficients (P<0-01) and R? values are shown. Somatometric: composite indices BMI, waist:
hip ratio, and Fat%,; Inflammation: composite indices high-sensitivity C-reactive protein, erythrocyte sedimentation rate, and fibrinogen; Metabolic profile: Homeo-
stasis Model Assessment of Insulin Resistance; Godin (sqrt): square root-transformed Godin’s raw scores; BDI-II: Beck Depression Inventory-II total score.

were significant. Further tests showed that BMI groups did not
differ in Beck Depression Inventory-II, STAI-T or Godin’s
scores (P>0-5). The x? tests did not reveal group differences
in the distribution of Charlson Comorbidity Index scores, marital
or financial status, or type of job. Data on all metabolic
and inflammation indices for each BMI group are given in
Table 2. In addition to somatometric indices, the three groups
also differed in inflammation indices (ESR: R(2,177) = 14-53,
P=0-0005, 2 =0-115; hs-CRP: R2,177) = 26:65, P=0-0005,
1% = 0-218; fibrinogen: A(2,177) = 6841, P=0-001, n* = 0-07)
and metabolic indices (insulin: R(2,177) = 13-13, P=0-0005,
1% = 0-135; glucose: R2,177) = 10268, P=0-0001, n* = 0-096;
HOMA-IR: A(2,177) = 12:05, P=0:0005, 1 = 0-137; adiponec-
tin: A(2,177) = 7:74, P=0-001, n 2= 0:080). With the exception
of adiponectin, the obese group had higher indices than

Table 2. Metabolic and inflammation indices for each group of participants

(Mean values, standard deviations and ranges)

both normal-weight and overweight groups. As expected,
the opposite pattern was observed for adiponectin. Given
that the proportion of men was higher in the overweight
group (37%) than in the normal-weight group (12%) and
obese group (15%; ¢ = 0213, P=0-013), the analyses were
repeated with sex as an additional factor, which failed to
reveal any significant main effects or interactions (£>0-1).
As the three groups differed in age (R2,177) = 594,
P=0:003), years of formal education (FM2,177)= 1521,
P=0-0005) and sex distribution, group-level analyses of cogni-
tive ability were conducted on age- and education-adjusted
GAMA IQ scores and subscale standard scores. At the
group level, the key finding was a main effect of BMI
group (M(2,177) = 7:09, P=0:001, n* = 0-083). Planned pair-
wise comparisons revealed that the obese group scored

Normal weight Overweight Obese

Mean sD Range Mean SD Range Mean SD Range
ESR (mm/h) 924 6-71 1-30 11.88 8-68 3-30 20:01**11 14.99 3-91
hs-CRP (mg/l) 0-85 0-95 0-4 1.53 1.76 0-9 4.66"*t1 4.39 0-17
Fibrinogen (mg%) 262-38 54.73 151-448 269-34 58.04 145-449 304-64**t1 74-30 142-626
Insulin (uU/ml)} 5.96 3.56 2-18 837 3.91 3-23 14.22**tt 13-69 1-79
Glucose (mg/dl)t 88-79 5.53 78-102 91.67 11.59 60-150 97-66*11 12.90 76-152
HOMA-IR 1.27 0.77 0-38-4-24 1.97 1.25 0-65-8-67 3-58"*t1 3.85 0-27-18.83
Adiponectin (mg/ml) 16-69 6-25 6-23-30-36 15.62 6-36 4.41-30-27 12.53**tt 5.40 4-86-30-41

ESR, erythrocyte sedimentation rate; hs-CRP, high-sensitivity C-reactive protein; HOMA-IR, Homeostasis Model Assessment of Insulin Resistance.

** Mean value was significantly different from that of the overweight group (P<0.01).

11 Mean value was significantly different from that of the normal-weight group (P<0-01).
3 To convert insulin in pU/ml to pmol/l, multiply by 6-945. To convert glucose in mg/dl to mmol/l, multiply by 0-0555.
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Table 3. Average General Ability Measure for Adults (GAMA) total intelligence
quotient-equivalent scores and subscale standard scores for each BMI group

(Mean values and standard deviations)

Normal weight Overweight Obese
Mean sD Mean sD Mean sD
GAMA 104-38 15-11 101-85 13.77 94.91*t11 15-15
Matching 1119 2:74 10-70 2:58 856" 111 289
Analogies 1119 2-67 10-88 2.71 846" 11t 2.78
Sequences 10-97 2-67 10-82 2.54 867" 11t 3.07
Construction 11.06 3-11 10-24 277 89111t 2:75

Mean value was significantly different from
(Bonferroni-corrected).

that of the overweight group: * P<<0:03, ** P<0-01

11t Mean value was significantly different from that of the normal-weight group (P<0.-001;

Bonferroni-corrected).

significantly lower than both the normal-weight (P=0-001;
Bonferroni-corrected) and overweight (P=0-029) groups,
which did not differ from each other (P> 0-7). Main group effects
were also significant for each of the four GAMA subscales
(P<<0:001), and pairwise tests revealed a similar pattern of
group differences (Table 3). Importantly, group differences in
GAMA 1Q scores remained significant after controlling for
STAI-T, BDI, Godin’s and Charlson Comorbidity Index scores,
as they did after controlling for metabolic function (insulin,
HOMA-IR and adiponectin). However, on controlling for indi-
vidual variability in the systemic inflammation composite,
group differences in GAMA IQ scores were all but eliminated
(P=>0-24). Results were essentially identical when ANCOVA
were performed on GAMA total raw scores controlling for
participant age and education. Neither the main effect of sex
nor the group X sex interaction approached significance
(P>0-8). Power analyses indicated that for the effect size of
group differences observed in the study, the estimated power
for detecting significant group main effects ranged between
0-96 and 099 at a= 005 and between 0-84 and 0-99 at
a = 0-001.

The percentages of individuals with ‘normal-range’ IQ were
90, 88 and 78% for the normal-weight, overweight and obese
groups, respectively. The remaining participants had estimated
1Q scores in the 70—-85-point ‘borderline’ range.

The role of low-grade systemic inflammation

Table 4 reveals a largely expected pattern of intercorrelations
between the somatometric, inflammation and cognitive indices
(GAMA raw scores). Correlation coefficients were in the moder-
ate range meeting the essential requirement to further assess
direct and indirect effects of obesity on GAMA (and the reverse)
through inflammation. As shown in Fig. 1, results suggested that
model 1, which tested the hypothesis that obesity (somatometric
index) affects cognitive ability (GAMA) through inflammation,
controlling for psychological, lifestyle and physiological factors,
fitted the present data significantly better (x*=96, df =10,
P=0-48, normed fit index (NFI) = 0-953, comparative fit index
(CFD = 1-00, root mean square error of approximation
(RMSEA) = 0-0001) than the poorly fitting alternative model 2
(x?= 3451, df=10, P=0001, NFI=0830, CFI= 0860,
RMSEA = 0-114). Model 2 examined the reverse hypothesis
that lower cognitive abilities would lead to higher rates of obesity
(again controlling for psychological, lifestyle and other physio-
logical factors). Finally, Akaike’s information criterion (AIC),
which is widely used to compare non-nested models originating
from the same data, was considerably smaller (AIC = 59-61) for
model 1 than for model 2 (AIC = 84-10), indicating a better fit
of the former. Notably, the smaller £ * values in model 1 (descri-
bing the regression of GAMA on each of the mediators) when
compared with model 2 (describing the regression of the
somatometric index on the same mediators) is explained by

Table 4. Pearson’s correlations between variables examined in the structural equation modelling analyses

1 2 3 5 6 7 8 9
1. Age
2. Education -0-08
3. Somatometric 0-28** —0-32**
4. Inflammation 0-08 -0-30* 0-47**
5. GAMA -0.23* 0-53** -0-29** —0-39"
6. HOMA-IR 0-05 -0-16* 0.38** 0-26** —0-06
7. Adiponectin 0.08 0-20** —0-24** -0:13 0-002 -0.28**
8. Godin —0-25* 0-14 0-33* 0-22** 013 -0-19* 0-02
9. STAI-T -0-18* —0-04 0-09 0-09 -0-11 0-04 —0-06 016
10. BDI-II -0.20* -0:09 012 0.-08 -0.21** 0.007 -0:03 017 0.78**

Somatometric, composite indices BMI, waist:hip ratio, and Fat%,; Inflammation, composite indices high-sensitivity C-reactive protein, erythrocyte
sedimentation rate, and fibrinogen; GAMA, General Ability Measure for Adults (raw score); HOMA-IR, Homeostasis Model Assessment of
Insulin Resistance; Godin, leisure-time physical activity; STAI-T, State-Trait Anxiety Inventory; BDI-II, Beck Depression Inventory-II.

Values were significantly different: * P<0.05, ** P<0-01.



British Journal of Nutrition

Appendix

Obesity, inflammation and cognition 7

the stronger direct paths of each physiological/exercise variable
with the somatometric variable. It is further expected that these
associations will be stronger than the direct effects of the same
physiological/exercise variables on the (conceptually more
distal) cognitive measure.

To ensure that the dataset possessed adequate power for
model testing, the structural model in which GAMA was a
function of BDI, inflammation, adiponectin, metabolic profile
and Godin's scores, all being a function of somatometrics, was
simulated with between-construct paths equal to 0-25, to be
on the conservative side. On using a Monte Carlo simulation
with 500 replications and sample sizes equal to 180 partici-
pants, results pointed to the presence of minimal bias.
Specifically, the bias of the Xz statistic was equal to zero in
terms of probabilities of rejected y? values and the actual
estimate on the y* values between the expected mode (with
10 df) and the observed bootstrapped model was equal to
0-140.With an expected RMSEA of 0:059, estimates were
equal to 0-067, indicating a bias of 0-008, which was negli-
gible. Lastly, the mean square error of the path estimates
ranged between 0:0044 and 0-0079.Thus, all power analysis
results corroborated with the premise that 180 participants
were sufficient to obtain solutions with valid path estimates
and proper rejection rates of the y? statistic.

Discussion

In the present study, we investigated the association between
obesity, CLGI and cognitive ability in a community sample of
young and middle-aged Greek adults free of any obvious
medical or psychiatric diseases and grouped as per their
BMI. The results of the present study indicated an inverse
association between elevated BMI and cognitive performance
(assessed using a test of non-verbal logical reasoning ability
and fluid intelligence), confirming previously published
reports. More specifically, obese participants exhibited signi-
ficantly poorer performance compared with age-matched
overweight and normal-weight participants. The novel finding
of the present study is that obesity-linked CLGI, the principal
cause of all metabolic consequences of obesity (insulin resist-
ance, diabetes mellitus, atherosclerosis, etc.), appears to be
directly associated with cognitive defects as demonstrated by
both group-level analyses and mediated regression models.
It is now increasingly being recognised that the deleterious
effects of obesity on cognition arise much earlier than
previously thought and are not solely mediated by the com-
monly observed clinical consequences of obesity, such as
hypertension, diabetes and atherosclerosis™, Tnstead, these
effects may result from obesity-related early pathophysiological
effects on innate immunity“m, which, in turn, directly harm the
central nervous system. Indeed, there is evidence derived from
animal models suggesting that high-fat diet-induced obesity
may result in inflammation-mediated harmful effects on several
brain areas, including the neocortex and hipp()campus(‘ﬂ'w’.
Furthermore, peripheral inflammation due to maternal obesity
as a result of high-fat diet can be transferred to offspring’s
brain, resulting in increased microglial activity in the hippo-
campus at birth, elevated pro-inflammatory cytokine responses

in adulthood, anxiety and spatial learning difficulties”™”. In

another study, mice fed a very-high-fat lard diet (60%)
presented with weight gain and exhibited areas of brain inflam-
mation associated with poorer performance in a challenging
maze task, compared with mice fed a high-fat, Western diet
(41% fau), resulting in weight gain but not in brain inflam-
mation””. Taken together, these experimental findings suggest
that CLGI constitutes a pathway via which obesity causes
impaired cognition much earlier and independently of the
other obesity-induced co-morbidities.

The medical literature suggests that in addition to the degree
of systemic inflammation, obese individuals may differ in other
pertinent physiological characteristics as well. A considerable
percentage of the adult obese population (up to 20%)°"
appears to be less susceptible to the unfavourable metabolic
profile that typically accompanies obesity. ‘Metabolically
healthy’ as opposed to ‘metabolically unhealthy’ obese individ-
uals have been found to have higher insulin sensitivity levels,
no signs of hypertension, normal lipid levels, low TAG levels,
and high HDL-cholesterol and adiponectin levels and carry
a lower risk for developing type 2 diabetes and cvD"?,
However, it should be noted that metabolically healthy obese
individuals are characterised by much lower levels of inflam-
mation compared with other obese individuals®®. Given the
present results on the mediating role of inflammation in
obesity-linked cognitive performance decline, it appears
reasonable to hypothesise that metabolically healthy obese
individuals are less prone to cognitive difficulties compared
with metabolically unhealthy obese individuals. To our know-
ledge, the only study that has addressed this question™ did
not support this hypothesis, failing to find differences between
metabolically abnormal and metabolically normal obese partici-
pants with regard to a global cognitive score either at baseline
or at the 10-year follow-up. However, given that Singh-Manoux
et al°? did not include measures of inflammation, the potential
role of low-grade inflammation could not be assessed in this
intriguing obesity phenotype. The small size of the present
study sample notwithstanding, the group-level analysis results
do not support this claim, by failing to differentiate between
obese individuals with relatively high insulin resistance levels
and those demonstrating a more typical metabolic profile.

The second goal of the present study was to explore the
potential role of additional physiological factors, namely
insulin resistance (HOMA-IR) and adiponectin production,
in obesity-related inflammation possibly affecting cognition.
However, bivariate correlations between these parameters and
GAMA, somatometric index or inflammation were weak, and
including them as mediators in the obesity—inflammation—
cognition association did not support this hypothesis. Notably,
neither adiponectin nor HOMA-IR accounted for significant
variability in GAMA scores, contrary to the claim that adipo-
nectin may assume a protective role in cognitive ability as
an insulin sensitiser. Studies investigating the association of
adiponectin with cognition are to date limited and contro-
versial, focusing on elderly populations‘ﬁ"im, and challenge
the suggested association of adiponectin with a lower risk of
cvD®?~% In summary, controversial findings from previous
studies and the present study stress the need for further
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systematic investigations of the hypothesised inverse associ-
ation between adiponectin and obesity-related poor cognitive
performance. In this direction, use of high-molecular-weight
adiponectin as a better indicator of insulin sensitivity instead
of total adiponectin has been proposed©?.

Other factors addressed as potential mediators in our
proposed  obesity—inflammation—cognition model were
symptoms of depression and anxiety. Compromised cognitive
function, especially in the areas of sustained attention and
mental flexibility, has been identified as a characteristic of
clinical and subclinical depression““%‘("”. Moreover, elevated
levels of stress and anxiety have been linked to impaired
performance in cognitive tasks'® as well as increased body
weight®”. Thus, psychoemotional well-being, as indexed by
the absence of symptoms of depression and anxiety, has been
implicated as a potential mediator of the obesity—cognition
association®”. However, self-reported levels of such symptoms
did not differ among the three BMI groups in the present study,
indicating that obesity is associated with reduced cognitive
function in a more direct way, at least in the present study
sample. This finding is in contrast to at least one previous
report linking self-reported levels of negative emotions to
cognitive impairments independently of BMI®”. Nonetheless,
participants of that study were heavily obese women (mean
BMI 432 (sp 3-8)kg/m?) seeking surgical interventions and,
unlike the case in the community-dwelling obese group in the
present study (mean BMI 34-22 (sp 3-7)kg/m®), both their
inflammatory and psychoemotional profiles may have been
overburdened. Consistent with the null findings of the
present study, large cross-sectional studies have also failed to
find strong associations between obesity and depression,
while it was longitudinal studies that established significant
bidirectional links between obesity and depression'®™,

It would be interesting to determine whether the magnitude
of the purported effect of obesity on cognition varies with
BMI. According to this hypothesis, obese individuals are more
likely to have suffered the subtle but adverse effects of
low-grade inflammation at a greater intensity and for a longer
period of time than non-obese individuals, sufficient to incur
detectable cognitive impairment. Preliminary moderation
analyses performed in the present study sample (using BMI
group as a moderator of the obesity—inflammation—cognition
association) suggest that these effects may indeed be stronger
among obese individuals, but subgroup sizes were relatively
small to allow for firm conclusions to be drawn. Notably, the
cross-sectional design of the present study does not permit
quantification of the inflammation ‘history’ of participants,
necessary to establish critical features of inflammation
potentially leading to cognitive decline.

In the long run, persistent through lifetime, obesity-induced
CLGI is also destined to coalesce with further inflammatory
processes observed in elderly, independently of their earlier
weight profile. Indeed, in 2000, Franceschi et al'°” were the
first to describe an up-regulation of the inflammatory response
in the elderly and coined the term ‘inflammaging’ to refer to
this phenomenon. Inflammaging is now generally recognised
as another characteristic of old age as part of the general
syndrome of immunosenescence. This up-regulation results

in the development of chronic low-grade systemic pro-
inflammatory state in the elderly, identical to that due to
increased adiposity irrespective of age. As expected, it is
characterised by an elevation of the levels of several IL as
well as those of the acute-phase proteins produced by the
liver in response to inflammatory cytokines such as CRP.
Genetic, environmental and age-related factors contribute to
the development of inflammaging and include polymorphisms
to the promoter regions of cytokines, cytokine receptors and
antagonists, age-related decreases in autophagy and of course
increased adiposity. Although the present study focused on
adults aged <65 (mean age 38:3) years, it is predicted that
obesity will contribute to the worsening of inflammaging in
the elderly, further affecting ‘natural’ cognitive decline.

A second important limitation of the present study was that the
sample consisted mainly of women, preventing exploration of
potential sex differences in the proposed impact of obesity
and associated low-grade inflammation on cognitive ability. In
the present study sample, however, there was no evidence of
an effect of sex on the association between obesity and
cognition. Furthermore, cognitive changes during the menstrual
cyele were not considered in the analyses'””| although partici-
pant recruitment and testing schedules should have ensured
random distribution of such effects across BMI groups.

A third limitation of the present study was reliance upon a
single measure of cognitive ability, while earlier studies focusing
exclusively on the obesity—cognition association have
examined it more thoroughly, utilising extensive test batteries
that address specific cognitive domains. In this context, it was
fortuitous that significant effects of obesity and inflammation
were found on a measure designed to assess general cognitive
ability in the form of fluid intelligence. The sensitivity of GAMA
to the effects of obesity and inflammation is not surprising,
however, in view of (a) the very high correlations between
GAMA scores and, primarily, performance [Q as measured
by comprehensive test batteries'?**®, (b) that adequate perfor-
mance in this task requires reasoning ability, as well as cognitive
flexibility, given the variety of alternating logical problems
featured, and (c¢) that GAMA is a timed task, rendering
performance sensitive to individual differences in processing
speed. Notably, both cognitive flexibility and processing speed
are particularly susceptible to diffuse brain insults.

It should further be noted that other commonly used
measures of CLGI, such as pro-inflammatory cytokines
(e.g. 1L-6), were not explored in the present study in view
of extant evidence that elevated CRP content is the most
robust marker of CLGI in obesity and insulin resistance''?~'>,
The fact that the vast majority of the reports of CLGI in obesity
use this marker renders the present data comparable to the
published literature” 2%,

Perhaps the most critical weakness of the present study
concerns the cross-sectional nature of the data, which
rendered them incapable of providing a strong test for the
directionality of the obesity—inflammation—cognition associ-
ation. Cognitive flexibility and logical reasoning ability,
which are considered to be among the key components of
fluid intelligence, are in principle important determinants of
everyday decision making and are probably involved in the
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adoption of healthy lifestyle and behaviours (nutritional
choices and physical activity)'""'®. Impairments in such abil-
ities may explain obesity development through poor health
choices, while the accumulation of body fat and the ensuing
low-grade systemic inflammation may account for further
cognitive decline. This hypothetical cycle of events may also
explain the long-term failure of common obesity prevention
and treatment strategies (information on healthy eating choic-
es and encouragement to perform physical activity and follow
appropriate diet)'”". Although longitudinal evidence is required
to clarify this issue, structural modelling of the present cross-
sectional dataset provides preliminary support to the notion
that obesity adversely affects general cognitive ability through
a cascade of physiological events rather than the reverse.

Despite these limitations, we were able to identify cog-
nitive decrements in a carefully screened sample of obese
individuals, who were free of other serious medical conditions
(e.g. chronic autoimmune or inflammatory diseases) or mental
disorders (e.g. depression) and establish a mediating role of
CLGI. Bearing in mind that obesity often coexists with other
medical conditions (e.g. diabetes, hypertension and sleep
apnoea syndrome) known to be independently associated
with cognitive deficits, it is expected that in a consecutive,
unscreened sample of obese individuals, more severe cogni-
tive deficits would be documented. It should be noted that
the incidence of obesity in Greece is rising at an alarming
rate both in adults"”® and in children” in a country that
until recently has followed a beneficial-for-weight-control
Mediterranean diet, raising concerns regarding obesity-related
cognitive dysfunction in this population.
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