——
Universitat

de Girona
——

NEW INSIGHTS IN THE STUDY OF THE
PHYSIOLOGY OF THE ADIPOSE TISSUE

Nuria Oliveras Canellas

ADVERTIMENT. L'accés als continguts d'aquesta tesi doctoral i la seva utilitzacié ha de respectar els drets
de la persona autora. Pot ser utilitzada per a consulta o estudi personal, aixi com en activitats o materials
d'investigacio i docéncia en els termes establerts a I'art. 32 del Text Refés de la Llei de Propietat Intel-lectual
(RDL 1/1996). Per altres utilitzacions es requereix l'autoritzacié prévia i expressa de la persona autora. En
qualsevol cas, en la utilitzacié dels seus continguts caldra indicar de forma clara el nom i cognoms de la
persona autora i el titol de la tesi doctoral. No s'autoritza la seva reproducci6 o altres formes d'explotacio
efectuades amb finalitats de lucre ni la seva comunicacié publica des d'un lloc alié al servei TDX. Tampoc
s'autoritza la presentacio del seu contingut en una finestra o marc ali¢ a TDX (framing). Aquesta reserva de
drets afecta tant als continguts de la tesi com als seus resums i indexs.

ADVERTENCIA. El acceso a los contenidos de esta tesis doctoral y su utilizacion debe respetar los
derechos de la persona autora. Puede ser utilizada para consulta o estudio personal, asi como en
actividades o materiales de investigacion y docencia en los términos establecidos en el art. 32 del Texto
Refundido de la Ley de Propiedad Intelectual (RDL 1/1996). Para otros usos se requiere la autorizacion
previa y expresa de la persona autora. En cualquier caso, en la utilizacién de sus contenidos se debera
indicar de forma clara el nombre y apellidos de la persona autora y el titulo de la tesis doctoral. No se
autoriza su reproduccion u otras formas de explotacion efectuadas con fines lucrativos ni su comunicacion
publica desde un sitio ajeno al servicio TDR. Tampoco se autoriza la presentacion de su contenido en una
ventana o marco ajeno a TDR (framing). Esta reserva de derechos afecta tanto al contenido de la tesis como
a sus resumenes e indices.

WARNING. Access to the contents of this doctoral thesis and its use must respect the rights of the author. It
can be used for reference or private study, as well as research and learning activities or materials in the
terms established by the 32nd article of the Spanish Consolidated Copyright Act (RDL 1/1996). Express and
previous authorization of the author is required for any other uses. In any case, when using its content, full
name of the author and title of the thesis must be clearly indicated. Reproduction or other forms of for profit
use or public communication from outside TDX service is not allowed. Presentation of its content in a window
or frame external to TDX (framing) is not authorized either. These rights affect both the content of the thesis
and its abstracts and indexes.




e
Universitat

de Girona
N

DOCTORAL THESIS

New insights in the study of the physiology of the

adipose tissue

Nuria Oliveras Canellas

2024






e
Universitat

de Girona
N

DOCTORAL THESIS

New insights in the study of the physiology of the

adipose tissue

Nuria Oliveras Canellas
2024

Doctoral Programme in Molecular Biology, Biomedicine and Health

Co-directed by:
Prof. José Manuel Fernandez-Real Lemos

Prof. Rémy Burcelin

Tutor:

Prof. José Manuel Fernandez-Real Lemos

Presented to obtain the degree of PhD at the University of Girona






N
Universitat

de Girona
(p—

Prof. Jos¢é Manuel Fernandez-Real Lemos, group leader of the Biomedical Research Institute
of Girona (IDIBGI), Endocrinology, Diabetes and Nutrition Research Unit (UDEN), lead investigator
of the CIBER de /a Fisiopatologia de la Obesidad y la Nutricion (CIBEROBN, 1SCIII), and
professor of medicine at the Unzversity of Girona (UdG).

Prof. Rémy Burcelin, Research Director Inserm. I'MC, Institute for Research on
Cardiometabolic Diseases, Inserm U 1027. Team Dynamix. Centre Hospitalier Universitaire

Rangueil, Toulouse, France.

WE DECLARE:

That the thesis entitled “New insights in the study of the physiology of the adipose tissue”
presented by Nuria Oliveras Cafiellas to obtain the doctoral degree in Molecular Biology,
Biomedicine and Health by the Universitat de Girona, has been completed under our supervision

and fulfils all the requirements to qualify for an International Doctorate.

For all intents and purposes, we hereby sign this document.

José Manuel Fernandez-Real Lemos Rémy Burcelin

Girona, 2024






“La vida no és facil, per ningsi de nosaltres.
Pero. .. No importa!

S’ha de perseverar, i sobre tot,

tenir confianca en un mateix.

S’ha de sentir-se dotat per realitzar

alguna cosa i gue aquesta cosa

s’ha d’aconseguir, costi el que costi”

Marie Curie






A la meva familia






ACKNOWLEDGEMENT

Recordo perfectament el dia que vaig arribar a 'IdIBGi, sense saber ben bé qué m’esperava
1 mai m’hauria imaginat que després més de cinc anys estaria escrivint aquestes linies de la
meva tesi doctoral. Tota aquesta feina ha estat possible gracies a la contribucié 1 ajuda de

moltes persones que d’una manera o altre m’han acompanyat al llarg d’aquest cami.

Primer de tot, voldria donar les gracies als directors d’aquesta tesi, al Dr. José Manuel
Fernandez-Real per donar-me l'oportunitat de participar en aquest projecte, confiar en mi i
ajudar-me a créixer com a investigadora; and to Prof. Rémy Burcelin for giving me the
opportunity to work in his laboratory for three months, I really appreciate all the scientific

help and facilities.

José, gracies per la teva disposicié a ajudar-me en tot moment i per haver-me transmes la
teva passio per la recerca. Paco, gracies pels teus consells i per fer-me veure la realitat de la
ciéncia, que tot i no ser idillic és molt gratificant. Jordi, gracies pels teus coneixements i

sobretot en la part estadistica d’aquesta tesi.

Aina, gracies pel recolzament i entendre’m en tot moment, qui millor que tu per fer-ho, juntes
vam comengar aquesta aventura i ma a ma ’hem acabat. No saps la tranquil-litat que m’ha
donat saber que estaves darrere meu, esquena amb esquena. Gracies per les estones juntes.

Només desitjo el millor per tu en el que vindra, perque no dubto que ho sera. T’ho mereixes!

Gracies a les noies de la Fly Room per ser-hi en tot moment. Anna, vam arribar gairebé de
la ma, gracies per tots els consells durant tots aquests anys, per escoltar-me quan ho he
necessitat i donar-me una perspectiva diferent, gracies per ensenyar-me tanti fer que les coses
dificils semblin una mica més facils. Liss, gracies per les nostres converses arreglant el mén
que feien que m’oblidés de la tesis per una estona, per I'ajuda desinteressada, simplement
gracies per ser-hi en tot moment. Irene, gracies per estar disposada a escoltar-me i entendre’m
en tot moment, gracies pels consells i sobretot per ensenyar-me el cami en aquesta nova
etapa. Cristina, gracies per preguntar i ser-hi en tot moment de la manera més desinteressada

possible.

Especial mencié a dos UDENSs que actualment ja no hi sén, Jess 1 Ferran, gracies per fer de
la meva arribada una adaptaci6 facil. Jess, gracies per ser alla, per preguntar en tot moment,

per ensenyar-me tot el que sé, pels consells i 'ajuda quan ho he necessitat. Ferran, gracies



per ser-hi des de la distancia 1 per interessar-te com va tot. Perqué no se m’acut una millor

manera de ser-hi, sense ser aqui.

A la resta P'UDENs que m’han acompanyat durant tots aquests anys, Yenny, Isma, Kenia,
Marfa, Irene, Anna, Elena, Andrea, Sara.. gracies. També voldria agrair a tots els
col'laboradors que han format part d’aquest projecte d’'una manera o altra proporcionant les

eines necessaries per a ’elaboracié d’aquesta tesi.

A tota la familia de 'IdIBGi, gracies a tots per compartir amb mi tot aquest cami. Ariadna i
Berta, gracies per les estones de desconnexié durant el dinar, per les xerrades posar-nos al
dia, per estar disposades a preguntar i donar-nos suport en tota 'aventura. Marina, gracies
per ser 'alegria de I'IdIBGi, perque una estona amb tu et treu un somriure per tot el dia,
gracies per ser sempre tant positiva. També vull agrair a la resta de 'IdIBGi 'agradable
convivencia, Lucia, Alba, Adri, Laia, Mar, Albert, Joana, Ester, Angela, ... Moltes gracies a

tots!

Moving to Toulouse, I sincerely thank to Dr. Christophe Heymes for giving me the
opportunity to participate in one of his projects and to Dra. Anne Bouloumie for welcoming
me to the laboratory. Finally, I would like to say thanks to Alex, Kévin and Jiuwen, for their

kindness and for helping me whenever I needed it.

Gracies a la meva famfilia, papes, Josep, iaia i tieta. Gracies per recolzar-me i animar-me,
respectar les meves decisions 1 donar-me suport. Gracies per la vostra paciéncia i escoltar-
me en tot moment. Per intentar entendre’m sense entendre gairebé res. Gracies per ensenyar-

me a lluitar pel que m’agrada i ensenyar-me que la constancia dona els seus fruits.

Per ultim, voldria agrair d’'una manera molt especial a en Joel, gracies pel teu suport
incondicional durant tots aquests anys, per recolzar-me en tot moment en les meves
decisions, per confiar en mi més del que jo ho faig, per tota I’ajuda dins i fora d’aquesta tesi
1 per la infinita paciéncia que tens. Molts anims pel que et queda, perque encara que 'altima
etapa és la més dura, quan s’acaba és la més gratificant. Gracies per ser-hi en tot moment i

caminar amb mi de la ma.



LIST OF ORIGINAL MANUSCRIPTS

This thesis is presented as a compendium of manuscripts:

Manuscript I

Oliveras-Canellas N*, Castells-Nobau A*, de la Vega-Correa L*, Latorre-Luque |, Motger-

Alberti A, Arnoriaga-Rodriguez M, Garre-Olmo J, Zapata-Tona C, Coll-Martinez C, Rami6-
Torrenta L, Moreno-Navarrete JM, Puig ], Villarroya F, Ramos R, Casadé-Anguera V,
Martin-Garcia E, Maldonado R, Mayneris-Perxachs J, Fernandez-Real JM. Adipose tissue
coregulates cognitive function. Sci Adv. 2023 Aug 11; 9(32):eadg4017.  doi:
10.1126/sciadv.adg4017

Impact factor (JCR 2022): 13.6 (D1, 7/73 Multidisciplinary Sciences)

Manuscript 11

Oliveras-Canellas N, Moreno-Navarrete JM, Lorenzo PM, Garrido-Sanchez L, Becerril S,
Rangel O, Latorre J, de la Calle Vargas E, Pardo M, Valenti V, Romero-Cabrera JL, Oliva-
Olivera W, Silva C, Diéguez C, Villarroya F, Lopez M, Crujeiras AB, Seoane LM, Lopez-

Miranda J, Frihbeck G, Tinahones FJ, Fernandez-Real JM. Downregulated adipose tissue
expression of browning genes with increased environmental temperatures. ] Clin

Endoctinol Metab. 2023 Dec 21; 109(1):e145-e154. doi: 10.1210/clinem/dgad469

Impact factor (JCR 2022): 5.8 (Q1, 31/145 Endocrinology & Metabolism)

Additional publications generated by this thesis topic during the PhD are shown in

Appendix 2.



il



LIST OF ABREVIATIONS

Abbreviation Description

1tub23cf Y — Tubulin 23

TH NMR Proton Nuclear Magnetic Resonance

AAV Adeno-Associated Virus

ABCC1 ATP Binding Cassette Subfamily C Member 1 (ABCC1 Blood Group)

ACC Acetyl-CoA Carboxylase Enzyme

Acetyl — CoA Acetyl Coenzyme A

ACLY ATP - Citrate Lyase

ACS Acetyl — CoA Synthetase

ACTB B — Actin

AD Alzheimet’s Disease

ADIPOQ Adiponectin

ADRB2 Adrenoceptor 2

AEMET National Meteorological Agency of Spain

Akt Protein Kinase B

AB42 Amiloid B (aa 1 —42)

Amn Amnesiac

AMPH Amphiphysin

ANOVA Analysis of variance

ApoB Apolipoprotein B

ARHGAP23 Rho GTPase Activating Protein 23

AT Adipose Tissue

ATGL Adipocyte Triglyceride Lipase

ATP Adenosine Triphosphate

ATP1B1 ATPase Na+/K+ Transporting Subunit 31

BAT Brown Adipose Tissue

BBB Blood — Brain Barrer

BCHE Butyrylcholinesterase

BDSC Bloomington Drosophila Stock Centre

BMI Body Mass Index

BMP Bone Morphogenetic Protein

BSA Bovine Serum Albumin

C4A Complement C4A (Chido/Rodgets Blood Group)

C4B Complement C4B (Chido/Rodgets Blood Group)

C/EBP CCAAT / Enhancer — Binding Protein

CAMKII Calcium/Calmodulin Dependent Protein Kinase IT

cAMP Cyclic Adenosine 5°— Monophosphate

CEIC Committee for Clinical Investigation

CEEA - PRB Comite Etic d’Experimentacié Animal — Parc de Recerca Biomedica de Barcelona

CI Courtship Index

CIBEROBN Centro de Investigacién Biomédica en Red Fisiopatologia de la Obesidad y
Nutricién

CIDEA1 Cell Death Inducing DNA Fragmentation Factor o Subunit Like Effector A

cDNA Complementary DNA

CD36 Cluster of Differentiation 36

CNS Central Nervous System

il



CPM Count per Million

CPMG Cart — Purcell — Meiboom — Gill
CRP C — Reactive Protein

Ct Cycle Threshold

cVA Cis — Vaccenyl Acetate

CVLT -1I California Verbal Learning Test
CXCR-1 C-X-C Motif Chemokine Receptor 1
Cyp4 Cytochrome P450

DAG Diacylglycerol

DALYs Disability — Adjusted Life Years
DBP Diastolic Blood Pressure

Dcr-2 Dicer Enzyme

DEG Differential Expression Gene
DIAPH3 Diaphanous Related Formin 3

DLG Discs Large MAGUK Scaffold Protein
DLGAP1 DLG Associated Protein 1

DNA Deoxyribonucleic Acid

DNase Deoxyribonuclease

Dnc Dunce

DSM-5 Diagnostic and Statistical Manual of Mental Disorders 5% edition
DST Digit Span Test

dNTP Deoxynucleotides Triphosphate
EDTA Ethylenediaminetetraacetic Acid
ELISA Enzyme — Linked Immunosorbent Assay
ESI Electrospray Ionization

ER Endoplasmic Reticulum

EZR Eztin

FAS Fatty Acid Synthetase

FASN Fatty Acid Synthase

FDR False Discovery Rate

FFA Free Fatty Acids

G3P Glyceraldehyde 3 — Phosphate
GAPDH Gyceraldehyde-3 — Phosphate Dehydrogenase
GD Georg Dietz

GFP Green Fluorescence Protein

GLUT4 Glucose Transporter 4

GO Gene Ontology

GPAT Glycerol 3-Phosphate Acyltransferase
GPC4 Glypican 4

GTPase Rho Guanosine Triphosphatase

Hb Haemoglobin

HbAlc Glycosylated Haemoglobin

HCV Hepatitis C Virus

HDL High — Density Lipoprotein

iv



HFD
HOMERI1
HPLC
HRP
HSL

IDIBGI
IL
ILC2
INMT
IR
iWAT

KCNN3
KK
KYNU

LBP
LD
LDL
LI
LPA
LPC
LPL
LSD
LT™

MAG

Malonyl — CoA
MARK study
MCI
MESGI50 study
MGL
microRNA
ML

MRI

mRNA
MS/MS

MSCs

mWAT

Myf5

MZSA

Na,K-ATPase
NAFLD
NCAM2

ND

NEFA

NIG -FLY
NKAL
NLGN3
NLRP3

NNMT

High — Fat Diet

Homer Scaffold Protein 1

High — Performance Liquid Chromatography
Hortsedish Peroxidase

Hormone Sensitive Lipase

Institut d’Investigacié biomedica de Girona
Interleukin

Group 2 Innate Lymphoid Cells
Indolethylamine N — Methyltransferase
Insulin Resistance

Inguinal White Adipose Tissue

Potassium Calcium — Activated Channel Subfamily N Member 3
Krystyna Keleman
Kynureninase

Lipopolysaccharide Binding Protein
Lipid Droplet

Low — Density Lipoprotein
Learning Index

Lysophosphatidic Acid
Lysophosphatidylcholine
Lipoprotein Lipase

Least Significant Difference

Long Term Memory

Monoacylglycerol

Malonyl Coenzyme A

Improving Intermediate Risk Management Study
Mild Cognitive Impairment

Maturity and satisfactory ageing in Girona Study
Monoacylglycerol Lipase

Micro — Ribonucleic Acid

Machine Learning

Magnetic Resonance Imaging

Messenger RNA

Tandem Mass Spectrometry

Mesenchymal Stem Cells

Mesenteric White Adipose Tissue

Myogenic 5

Maximum Normalized Importance Among Shadow Attributes

Sodium and Potassium Dependent Adenosine Triphosphatase
Non — Alcoholic Fatty Liver Disease

Neural Cell Adhesion Molecule 2

Normal Diet

Non — Esterified Fatty Acids

Fly Stocks of National Institute of Genetics

Na,K — ATPase Oxidant Amplification Loop

Neuroligin 3

Nucleotide Oligomerization Domain (NOD) like Receptor Family, Pyrin Domain

— Containing 3
Nicotinamide N — Methyltransferase



NOR
NRA4A family
NUDT?2

OAT

PA
PAI -1
PBMC
PBS

PCR
PGE2
PIK3C2
PIP

PKA
PLA2G6
PLEKHAG
PLIN1
PNS
PODXL
PPARy
PPIA
PRDMI16
PTPRD

qPCR
QPRT

RBP1

RD

RF
RHOBTBI1
RIMS1
RISC
RNA
RNAi
RNApol2
RNase
RNA-seq
ROCF
ROS
rRNA
RSEM
RT

RTA

Rut

SAT
SBP

vi

Novel Object Recognition
Nuclear Receptor Subfamily 4 Group A Member 1 /2 / 3)
Nudix Hydrolase 2

Ornithine Aminotransferase

Palmitate

Plasminogen Activator Inhibitor — 1

Peripheral Blood Mononuclear Cells

Phosphate Buffered Saline

Polymerase Chain Reaction

Prostaglandin E2

Phophatidylinositol — 4 — Phosphate 3 — Kinase Catalytic Subunit Rype 2
Phosphatidylinositol

Protein Kinase A

Phospholipase A2 Group VI

Pleckstrin Homology Domain Containing A6
Perilipin 1

Peripheral Nervous System

Podocalyxin like

Peroxisome Proliferator Activated Receptor Gamma
Peptidylprolyl Isomerase A

PR/SET Domain 1

Protein Tyrosine Phosphatase Receptor Type D

Quantitative Polymerase Chain Reaction
Quinolinate Phosphoribosyltransferase

Retinol Binding Protein 1

Recycling Delay

Random Forest

Rho Related BTB Domain Containing 1
Regulating Synaptic Membrane Exocytosis 1
RNA — Induced Silencing Complex
Ribonucleic Acid

Interference RNA

RNA Polymerase II

Ribonuclease

RNA Sequencing

Rey — Osterrieth Complex Figure
Reactive Oxygen Species

Ribosomal RNA

RNA — Seq by Expectation Maximization
Reverse Transcription

Real Time Analysis

Rutabaga

Subcutaneous Adipose Tissue
Systolic Blood Pressure



SCWT
SEM
SGO02
siRINAs
SHARE
shRNA
SLC2A4
SLC18A2
SMAD
SNCA
SNS
SRF
STAR
STM
STRING
SVF
SYN1

T2D
TBS
TC
TCA
TCN2
TG
TIMP1
TMB
TMT
TNF-a
TRiP
TSP

UAS - GAL4
ucr1
UNC5B

VAT

VDRC
VLDL
VMAT

WAIS-III
WAT
WHO
WHR

z

Stroop Colour and Word Test

Standard Ertror of Mean

Shugoshin 2

Small Interference RNA

Survey of Health, Ageing and Retirement in Europe Project
Short Hairpin RNA

Solute Carrier Family 2 Member 4

Solute Carrier Family 18 Member A2

Mother Against Decapentaplegic Homolog

Synuclein o

Sympathetic Nervous System

Serum Response Factor

Spliced Transcripts Alignment to a Reference

Short Term Memory

Search Tool for Rettieval of Interacting Proteins/Genes
Stroma Vascular Fraction

Synapsin I

Type 2 Diabetes

Ttis — Buffered Saline

Total Cholesterol

Tricarboxylic Acid Cycle
Transcobalamin 2

Triglycerides

Tissue Inhibitor of Metallopeptidase 1
3,3’,5,5” — Tetramethylbenzidine

Trail Making Test

Tumor Necrosis Factor — o
Transgenic RNAi Project

3 — Trimethyl-Silyl — 1 — [2,2,3,3, — 2H4]

Upstream Activating System — Galactosidase 4
Uncoupled Protein 1
Unc — 5 Netrin Receptor B

Visceral Adipose Tissue

Vienna Drosophila RNAi Centre

Very — Low Density Lipoprotein

Vesicle Monoamine Transporter Member 2

Wechsler Adult Intelligence Scale — 111
White Adipose Tissue

World Health Organization

Waist — to — Hip Ratio

Normalized Permutation Importance

vii



viii



LIST OF FIGURES

Figure 1 | Comparative scheme between hypertrophy and hyperplasia processes in AT......6
Figure 2 | Epidemiology data from obesity prevalence worldwide ........ccccvuviervniiivinicnnnnee. 18
Figure 3 | Lipogenesis and lipolysis in AT ......cccoviiiniiiniiiiicieicesice s 23
Figure 4 | AdIPOGENESIS ....cviuiuiiiiiiiiiiciiicieiricie s 29
Figure 5 | Adipose tissue dySfunCON .......ccuviieeiiiiiiiiiiiiiccicee e 31
Figure 6 | Neurocognitive dOmMAaiNS .......cceueveiiiemiiniiciiiieiiiiceiieessisseesissesssssesessssesesssssnesens 36

Figure 7 | Map of average annual temperatures predicted by the end of the century (2080 —

2099) 1 47
Figure 8 | An example of the CVLT-II teSt ..coiiuiiiiiiiiiiiiiciciiiciicceceece e 73
Figure 9 | An example of the DST teSt.....cccciviiiiiiiiiiiiiiiicicc e 74
Figure 10 | An example of the SCWT teSt ..c.viiiiiiiiiiiiiiriiccc e 76
Figure 11 | An example of the TIMT teStu.cciviiiiiiiiiiiiiiiiiciicere e 77
Figure 12 | An example of the Geometric figure included in the ROCF test ........cccccuueeee. 78
Figure 13 | Map of Spain with the annual average temperature (°C) between 1988 and 2017,
with the five Biobank Network of Study ......cccccoevrririieceiiininicccceeecceeveens 79
Figure 14 | Advantages of using Drosophila melanogaster as an animal model................... 81
Figure 15 | AL UAS-GALA SYStEM ....vuiuiiiiiiiiiieiiieieiicecieiees e nesees 82
Figure 16 | Stereotypical male courtship behaviour towards a female fly a copulation .......86
Figure 17 | Courtship conditioning paradigim.........cccvieueuriiiiiniieriiniciieesieeseesseenens 87
Figure 18 | AAV vector. Schematic of the AAV packaging plasmid used to down-regulate
SLCT8AZ GENE EXPIESSION w.evuiuiiiiieiiiisiiiiiiieteiiie ittt 89
Figure 19 | Timeline of events and cognitive testing Of MICE ......covrervirierrinieriiricirisienennns 90

ix






LIST OF TABLES

Table 1 | Classification of overweight and obesity in adults based on BMI ..........cccccceuuueeee. 3
Table 2 | Major risk factors that influenced the aetiology of Obesity........ccooevvuviiieiriireirinnnn. 7
Table 3 | Syndromes, disorders and drugs that can promote Obesity ........ccoevuviiuciriiieurinnas 10
Table 4 | Factors that defines the metabolic syndrome ..........coccvuviiiviviciiviiiniiciniicies 11
Table 5 | Disorders developed as a consequence of ODESItY .......coviivviriecieiiiiiiniiicisiieniens 14
Table 6 | Summary of the cohorts used in this thesis. reaCtion) .......c.ccvueuevvierririccisirienrinnns 66
Table 7 | Exclusion criteria of the Ironmet Cohort (Discovery Cohoft........cccovuvueiviiucurinnnne 67
Table 8 | Exclusion criteria of the Intestine Cohort (Validation Cohort 1........ccccvvvuvuninneee 68
Table 9 | Inclusion criteria of the Imageomics Cohort (Validation Cohort 2)...........cccoeeee. 69
Table 10 | Exclusion criteria of the Fatbank Cohort (Validation Cohort 3 / Adipomit
COROLL) ettt ettt seas 70
Table 11 | FIY fO0d . 83
Table 12 | Conditional RNAI lines targeting the genes of INtErest.....cvcvevvieviriieisiierrinnns 85
Table 13 | 2X Reaction Mix for cCDNA SYNthesis ... 95
Table 14 | Thermal cycling conditions for cDNA SyNthesis ......cccocevviceiviiiniiciiiciniens 95
Table 15 | Reaction Mix for Tagman qPCR .......cccccvviiiiiiininiiiiiiccccceeas 97
Table 16 | Reaction Mix for SYBR Green qPCR......ccccoviiiiiiiiiiiiiiiiccicccccces 97
Table 17 | Thermal cycling conditions for running quantitative qPCR Tagman................... 98
Table 18 | Thermal cycling conditions for running qPCR SYBR Green ......cccovcveviviiciannne 98
Table 19 | Commercial information of the ELISA’s used. .......ccccovveuviviininiiiininiciiiicnne. 102
Table 20 | Primer sequences used in this thesiS.......ccocieiieiiiciiniciieeceeenn, 221
Table 21 | TagMan Probe Set used in this thesis .......ccccvievnicriniiiicecc, 222

x1



xii



TABLE OF CONTENTS

LIST OF ORIGINAL MANUSCRIPTS ...icuiiuiieeiieiiruiinenieiiamiseniesiancssiisesiasssssisesiasssassssssassss i
LIST OF ABREVIATIONS .....cuiiiiiiiieiieiiiiiieiieiiaicienisesiacrsiisesissrssssssssssssssssssssssassssssens iii
LIST OF FIGURES ....cuuiiiiiiiiiiiiiiiiiiiienieiiiiiieiiessiassesisesiasssssisssiossssssssssassssssssssasssasssnssens ix
LIST OF TABLES ... cciiiiiiiiiiiiiiitiiiieiieitiiiieniessiacresisestassrssissstassssssssssassssssssssasssasssnnsens Xi
TABLE OF CONTENTS ..cuiiiiiiiiiieiiiiieeiieiieiieenissiaiisesisesiassssisestassssssssssssssasssnsssnssans xiii
SUMMIARY ..ottt ettt ras s rassssassteasstesssrasssrsessrasssrassssnsssenssns xvii
L3 U Xix
RESUMEN ...cuiiiiiiiiiieiiieiiniieiiieiiseiieiieeiisesiaiisesisesisssssisssstsssssssssstsssssssssssassssssssssnsssns XXi
1. INTRODUCTION ..ciiuiiiiiniineiieiiaiiseniaiiaiisesissiaiesssisssiasssssisssiassssssssssassssssssssasssnns 1
1.1 L0 T2 ] O N 3
1.1.1  Definition and classification of 0DESITY .....cccevcvieiiiiiiiiir e 3

1.1.2  Pathophysiology Of ODESITY.....ccciuiiriiiiiiecie e e e sae e 4

1.1.3  Aetiology Of ODESITY .o..veiiiieciie ittt s st e e e e saeennne 6
1.1.3.1 [ LT g =Te [ = TRV - [ot o] R URN 7

1.1.3.2 ENVIronmental factors .......ooui ittt et 8

1.1.3.3 BEhavioUral faCtors. .....c.eiuiieie ettt ettt 9

1.1.34 Social and eCoNOMIC FACLOrS .. .couiiiiiiiiei ettt 10

1.1.4  Related disorders associated t0 ODESITY ......ccvviiiiiiiiieirier e 11
1.14.1 Metabolic SYNAIOME ..cccviiiieiiiece et ae e s b e e aeeeares 11

1.14.2 TYPE 2 DIADELES ..veiiiieiee e e et e e nare s 12

1.1.4.3 CardioVasCUlar dISEASE .......eevuerierieeieete ettt ettt st st 12

1.14.4 Gastrointestinal and hepatic diSEASES ......cuiivcveiiieeriiesiecee e 13

1.1.4.5 Neurological manifestations and psychiatric conditions..........ccecceeveieerieercieeneennne 13

1.1.4.6 Other disorders developed as a consequence of 0besity........cccvevvvverieinieeiiieesiieens 14

1.1.5  Diagnosis and treatment of 0DESItY.......cccuiiiiiiiiiiiiiece e e 15

1.1.6  Epidemiology Of ODESItY.....ccciiiiciieeiiiiiie ettt et sree e 17

1.2 ADIPOSE TISSUE ........ccuuiiiiiniiiieneiiiieniiireeeisireassistrsnsssssssnsssssssssssssssnssssssanssssnes 20
1.2.1  Description of the adipoSe tiSSUB.......ccuuiiiuiiirieiiiie sttt st eree e seeesae e sreesbeeens 20

1.2.2  Types Of adiPOSE tISSUE ....uiiriiiiiieeitee ittt citeeerteesite e ste e ste e s steesbe e e steessbaeesaaeesaeeessaeesaseasaseesns 21
1.2.2.1 WHhite AdIPOSE TISSUE .. .uuviieeeiiie et ettt ettt e ettt e e ettt e e et e e eeavaeeeesabeeeeeasaeeeeaneeeas 21

1.2.2.2 Brown AdIPOSE TISSUE ..uveeeeueeiiiieeitiieiieesieesiteesseessseessteeesseeessaeesseesssessssesssesssseesnses 26

1.2.2.3 BEiIZE AQIPOSE TISSUE ..eeiurieerieiiiieeiieeesteestteesteessteeebeessteeesseeessaeesseesstessnseessesenseesnses 28

O T Vo [T oo ==Y g T USRS 28

xiil



1.2.4  Dysfunction of AT iN ODESItY ..ccccvieeciiiiiieiiii ettt sae e e e sbeeea 30

1.3 OBESITY AND COGNITION ....ccuuiiiinniiiiinniniineiininessnisnessesimnesssmessssssmenssssssensssss 35
13.1 Brain DOM@INS ....cciiiiiiiiiiiiie ittt e e 35
1.3.1.1 Verbal learning and memory function ........cccceeeiiiiieenic s 37
1.3.1.2 Executive function and attention ...t 39

13.2 Brain — AdIiPOSE tiISSUE @XiS..eicuuierreiriierireerriresieeestteesteessseesseesteesssessssesssseeessseessesssessses 41
1.3.3  Cognitive IMPAIrMENT .......eeeieiiieie ettt e et e e e e e e st e e e e e s e anreeeeeeesesaannes 43
14 OBESITY AND ENVIRONMENT.....cccciiiiiimiiiirneiiniiiesniinesesisnesssnenessssienessssnensssss 46
I R € (oY - VY= ' [T OO 46
1.4.2  Obesity and environmMent tEMPEratUIES .......ccecvvieriieeriieeeiee e ereeesaeeseeeseeesaeesreesseeens 50
1.4.2.1 Human thermoregulation..........ccccueiieiciee e 51
1.4.2.2 How cold temperature environment affect to obesity .......cccccevveevcieeiieeiciiecceeenne, 52
1.4.2.3 How warm temperature environment affect to obesity........ccccoceeveeeiveeniiecceennne, 53

I & 5 B I =3 55
O © 1 = 1 | =T o I Y 59
4. MATERIALS AND METHODS .....ciuciiuiieeiiniiniieeniniiaiiieimssisiieississrsnsssissssnssnns 63
4.1 STUDY POPULATION ....ccuiiiiiiiiiiineiiiieniiirenesiiireassistrsnsssinsnssssssssssssssssssssssssssssnes 65
7 0t R @0 o o £ D LYY ol 1o} o T H RSP 65
41.11 Ironmet Cohort (Discovery CONOI)......cocuiiivieriieiieciie e 66
41.1.2 Intestine Cohort (Validation CONOrt 1) ........ceviiiiiiiieiii e e 67
41.1.3 Imageomics Cohort (Validation Cohort 2) ......ceccevivieiiiiiiieccieecieecec e 68
41.14 Fatbank Cohort (Validation Cohort 3 / Adipomit Cohort) ........cccceeveeveevieieesieeneene 69

4.1.2  CliNiCal MEASUIEMENTS ...cotiiiiiiieteeieeit ettt sttt ettt et e st e st e st e saeesaeesbe e be e beeabeeasesaees 71
4.1.2.1 Anthropometric Characterization ........cccecceeiiierieieiie et 71
4.1.2.2 BioChemical PAaramMeLerS.....cuiiiieicii ettt e 71
4123 Hyperinsulinemic-euglycemic Clamp .....ccceeiveeeieriiieiiir e 72

4.1.3  Neuropsychological @SSESSMENT ......cccuieeiiieiiiiriiieeiee ettt sreeste e sre e sre e eaeesbeeesaeeeees 72
4.13.1 The California Verbal Learning TeSt......ccceviiieriieeiiieeiee e ecree e svesesveesvee e saeeseneas 73
4.1.3.2 The Digit SPAN TESE...uiiiiiiiiiecieeesee ettt re e st e e sae e et ae e saae e seteessaeesabeesaseas 74
4.1.3.3 The Stroop Colour Word Test (Golden’s VErsion).......cccceceeeceeeieeecieeeneeeseeesveesenens 75
4.13.4 The Trail MaKing TEST ....viiiiieciee ettt s aa e e ba e e saaeenaeeas 76
4.1.3.5 The Rey-Osterrieth Complex FIgUre TeSt.....ccivviiiiieiiee et 77

4.1.4  Adipose tissue collection and handling...........ccccveviiiiiiiiiienie e 78

xiv



4.1.5  TemMPErature data...cccceiiccciiee et ettt e e ettt e e eete e e e ette e e esbaeeeeeabaeeeeataeeeesatseeeenraeeeennees 79

4.2 ANIMAL MODELS ......ccuuiiiiieiiiiiiiniienis e ireessistrsasssssssasssssssnsssssssnsssssssnssssnes 80
4.2.1  Drosophila Melan0gaster......cccciiiiieicieeiiie ettt e re e st e s e e s sbe e e sre e e saaeesaae e saeennee 80
4.21.1 Advantages to use Drosophila melanogaster as an animal model..........cccccceeeuneene 80
42.1.2 Upstream Activating Sequence — Galactosidase 4 system .......cccccevcveeeiieercreeesieennne 81
4213 Drosophila melanogaster stocks and Mmaintenance ........cccccevveevcieercieeeieecciee e 83
4.2.1.4 Drosophila courtship coNditioNing .......ccccueiiviieiiiriiiecr e 85

4.2.2  IMICE MOUEIS ..ttt ettt ettt e et st e sae e saeesae e bt e be e beebeeabesaees 88
4221 ANTMAS L.ttt st b e b ettt et et 88
4.2.2.2 EXPErimental ProCEAUIE.........iiiiiiiie ettt ettt e s e s be e e beeeaees 89

4.3 GENE EXPRESSION ANALYSIS.....cottiiiiriiiiiiirniiiineiininesesirnesssnenesssssenesssssenssses 91
43.1 RNA @XEraCioN ..ceiiiiiiiiiiiiii it 91
43.11 Human and Mice Adipose Tissue RNA EXTraction ..........ccoceeeeeiivieeeiiiieecccieeeeeieee e 91
43.1.2 Drosophila RNA EXEraCtion .....ccueecieeiieiniee sttt esee ettt e s e e 92
43.1.3 Peripheral blood mononuclear cell RNA EXtraction .........ccceeeveevcieenieesieesiieeesieennne 92

43.2 RNA concentration, purity and iNtEEIItY ......cecveeiiieeiie et 93
433 RNA SEQUENCING .ttt ettt ettt e e ettt e e e e e e s e iab et e e e e e s e s snsbbbeeeeeeesennnreeeeas 93
4.3.4  ReVverse TranSCriPLiON ........u ittt e e e e e et e e e e e s e aanbeeeeeeeeesaannes 94
4.3.5 Quantitative Polymerase Chain REACLION ......ciccveiiiiiiecii it 95
4.4 PROTEIN ANALYSIS.....iiiiiiiiiitieiiiiiieiiiiineeiiirneeisiensesisressssssrsassssssesssssssesnsssssens 100
44.1 Protein EXTFaCtioN ....cciiiiiiiiiiiiicti e 100
4.4.2  WesStern blot analySiS.....c.ueucuiiirieiiiiceie sttt s sra e e e saaeenaae s 100
4.4.3  Enzyme-Linked IMMUNOSOIrDENT ASSAY......ciivuiiiiiieeiiieiiiecie st eeree et sraeesree e saeenaee s 101
4.5 METABOLOMICS ANALYSIS ....ceeeiiiiieiiiiiieiiiiineiireneeisreneeisneasssssnesssssssesnsssssens 103
4.5.1  HPLC = ESI = MS/MS ..ottt ettt st b sttt et s at bttt e st e st e s besae et eaenbeseeas 103
4.5.2  THINMR oottt ettt sttt sttt ettt bt se bbbt et et ettt e e s ebene e 104
4.6 STATISTICAL ANALYSIS ...ttt resassssrrsassssnessssssssssssssssnssssns 105
4.6.1  Specific statistical ProCEAUIES. .......cocuiiiiirieee ettt 105
4.6.1.1 RNA-SEQ @NAIYSIS .veeeerieiiieeieeiiieeieeesteeste st este e saeesbeeebeeesbaeesseeesseeessseesaseesaseesns 105
4.6.1.2 Machine Learning Algorithm (Boruta).......ccocueevieeriieeiiieeeiieciie e cseeesee e sveesvee s 107

L T £ 2 U 1 N 1 109
5.1 ORIGINAL PAPER | ....uiiieiiiiiinniiiiinesinneneinnsnesenisaessssrssesssssssessssssnsssssssnsssssssnnes 113
5.2 Original PAPER Il ..ccuuueiiiiiiiiiiennnniiiiiniiiieesssnsiiiniiimesssssssissiimsesssssssssssssssssssssssses 151
6.  DISCUSSION ....ccuiiiiiiiiiiieiiiiiieiieiiniiteiiesiasieiieesissrsitssisssstssssssssssassssssssssanss 163

XV



6.1 MECHANISMS INVOLVED IN THE BIDIRECTIONAL INTERACTIONS BETWEEN AT

GENE EXPRESSION AND COGNITIVE FUNCTION.........cccctetiiiiiiiiiieniieenieeiieeiieeeieeeieeseseeeeen 165

6.1.1  Adipose tissue gene expression is linked to several cognitive domains involved in
neuronal system and synaptic fOrmMation.........coccueeiiieiiei e e 165
6.1.2  Blood expression levels of key genes linked to cognitive performance .........ccccocvveeneene 170
6.1.3  Downregulation of candidate genes in the fat body of Drosophila melanogaster improves
[olo)={ o1 £ To] o U T OO TP PUPPPROP 170

6.1.4  Neurotransmitter release cycle-associated genes SLC18A2 and RIMS1 modulate cognition

in mice AT or Drosophila fat body .......cueeiiiiiiiie e e e 171
6.1.4.1 SLCLBAD ...ttt ettt ettt e a ettt bt bt ettt e b heea e et et e be bt eae et e te e eras 172
6.1.4.2 RIMIST ettt sttt ettt s h e e bt et e e s b b e s bt eat et et e s besbesaeentenseneebeee 173

6.2 DOWNREGULATED ADIPOSE TISSUE EXPRESSION OF BROWNING GENES WITH

INCREAESD ENVIRONMENTAL TEMPERATURES ......cccoiiiiiiiiiiiiiiiiniiicnisssinsssssssssssssssssssnns 176
6.3 GENERAL DISCUSSION .....cccuuuuueeeneinnnnnnnnnnnneeninenieensnesniesiississsssssisssisssssssssesssssssees 179
7.  CONCLUSIONS ...ccuuiiimniiiineiiininniitineiiniseisiesesierissietesesienesssisnessssesessssssessssens 183
8. REFERENCES .....cccuiiiiuiiiiniiiiiiiininiiinineiiteneiiitiseeistenesistesesisnesesisnensssssenssssnens 187
9. ANNEX | ittt reses s e resesiesese e sesssssnesassenesnsssnesasnans 219
10. ANNEX I coceniiiiiiiiiiniiiiiiiiinteiiirieeie e eseiereseeesessesesesassestensssnenesasnens 223

xXvi



SUMMARY

The prevalence of obesity has increased dramatically in recent years and has reached epidemic
proportions. Obesity is a chronic multifactorial disease associated with an abnormal
accumulation of dysfunctional adipose tissue and has been associated with multiple related
disorders, including cognitive dysfunction. It is known that cognitive decline is a major health
problem and is found to be exacerbated by metabolic comorbidities such as obesity. The
aetiology of obesity is multifactorial, including environmental factors. Nowadays,
environmental factors are changing due to global warming which is increasing the
temperature of the Earth. It is known that the browning process is very important in the

physiology of adipose tissue.

The aim of this thesis is to describe the bidirectional interaction between adipose tissue and
cognitive performance in human subjects with morbid obesity, as well as in animal models,
and to investigate how environmental temperature might affect adipose tissue physiology
and metabolic traits in white adipose tissue. For this purpose, several cohorts of subjects,
with and without obesity, were recruited and transcriptomic analysis were performed in the
adipose tissue of these subjects. Brain function was assessed through neurocognitive tests.
Temperature data was obtained from a cohort of more than 1,000 subjects from five different
regions of Spain. Drosophila melanogaster and mice animal models were used to study the

cognitive function by altering the expression of target genes in the fat body or adipose tissue.

Here, we identified 188 genes from RNA sequencing of adipose tissue in three cohorts that
were associated with performance in different cognitive domains. These genes were mostly
involved in synaptic function, phosphatidylinositol metabolism, the complement cascade,
anti-inflammatory signalling, and vitamin metabolism. These findings were translated into
the plasma metabolome. The circulating blood expression levels of most of these genes were
also associated with several cognitive domains in a cohort of 816 participants. Targeted
misexpression of candidate gene ortholog in the Drosophila fat body significantly altered
memory and learning in flies. Among them, down-regulation of the neurotransmitter release
cycle-associated gene SL.C78.42 improved cognitive abilities in Drosophila and in mice. Up-

regulation of RIMS'7 in Drosophila fat body improved cognitive abilities.

The expression of genes associated with browning and ADIPOQ in adipose tissue were
significantly and negatively associated with environmental temperatures. The latter

temperatures were also negatively associated with the expression of genes involved in
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adipogenesis. Decreased expression of UCP7 and ADIPOQ messenger RNA and circulating
adiponectin were observed with increasing temperatures in all individuals as a whole and in
participants with obesity in univariate, multivariate and artificial intelligence analysis. The
differences remained statistically significant in individuals without type 2 diabetes and in

samples collected during winter.

Taken together, these findings suggest a bidirectional interaction between the adipose tissue
transcriptome and brain function in humans, as well as in animal models. Furthermore, given
the North-South gradient in obesity prevalence in the study regions, the present observations
may have implications for the relationship between the obesity pandemic and global

warming.
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RESUM

La prevalenga de I'obesitat ha augmentat drasticament en els ultims anys arribant a assolir
proporcions epidémiques. L’obesitat és una malaltia cronica multifactorial associada a una
acumulacié anormal de teixit adipés no funcional i, s’ha associat a multiples desordres
relacionats, incloent la disfuncié cognitiva. Es sap que el declivi cognitiu és un greu problema
per la salut 1 s’ha trobat que és més pronunciat en malalties metaboliques com és I'obesitat.
L’etiologia de lobesitat és multifactorial, entre el que s’inclouen factors ambientals.
Actualment, els factors ambientals estan en constant canvi degut al canvi climatic que esta
augmentant la temperatura de la terra. Es sap que el procés de browning és molt important en

la fisiologia del teixit adip6s.

L’objectiu d’aquesta tesis és descriure la interaccié bidireccional entre el teixit adipds i la
funcié cognitiva en subjectes humans amb obesitat morbida, aixi com també en models
animals, 1 investigar com la temperatura ambiental pot afectar la fisiologia del teixit adipds i
els trets metabolics del teixit adipds blanc. Per a aquest proposit, diferents cohorts de
participants, amb i sense obesitat, s’han reclutat i s’han dut a terme analisis transcriptomics
en el teixit adipés d’aquests subjectes. La funcié cerebral s’ha avaluat a través de testos
neurocognitius. Les dades de temperatura s’han obtingut d’una cohort de més de 1000
participants de cinc regions diferents d’Espanya. Drosophila melanogasteri ratolins s’han utilitzat
com a models animal per estudiar la funcié cognitiva, on s’ha alterat 'expressié de gens diana

en el fat body o al teixit adip6s.

Aqui, hem identificat 188 gens a través de seqiienciaci6 de RNA del teixit adipds de tres
cohorts que s’han associat amb rendiment en diferent dominis cognitius. Aquests gens estan
involucrats en funcié sinaptica, metabolisme de fosfatidil-inositol, cascada de complements,
senyalitzacié anti-inflamatoria, i metabolisme de vitamines. Aquestes troballes van ser
traslladades al metaboloma plasmatic. Els nivells d’expressi6 circulant en sang de la majoria
d’aquests gens també estan associats amb diferent dominis cognitius en una cohort de més
de 816 participants. L’expressié dirigida d’'un gen ortoleg candidat al faz body de Drosophila
altera de manera significativa la memoria i 'aprenentatge de les mosques. De tots ells, la
disminucié de lexpressi6 del gen SLC78A42, associat al cicle d’alliberament de
neurotransmissors, millora les capacitats cognitives, tant a Drosophila com en ratoli. La sobre-

expressio de RIMS7 al fat body de Drosophila millora les capacitats cognitives.
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L’expressio de gens associats a browning i ADIPOQ en el teixit adipds esta associat
negativament de manera significativa amb la temperatura ambiental. Aquestes mateixes
temperatures estan negativament associades amb lexpressi6 de gens involucrats en
adipogenesis. Una disminucié de Pexpressi6 de UCPT 1 ADIPOQ en RNA missatger i,
adiponectina circulant, s’ha observat amb 'augment de temperatures en tots els participants
com un conjunt i entre els participants obesos tant en analisis univariants, multivariants com
també en intel'ligéncia artificial. Les diferéncies es mantenen significants en participants

sense diabetis tipus 2 i en les mostres recollides durant ’hivern.

En conjunt, aquestes troballes suggereixen una interaccié bidireccional entre el transcriptoma
del teixit adipds 1 la funcié cerebral en humans, aixi com també en models animals. A més,
ates al gradient nord-sud de la prevalenca de lobesitat en les regions d’estudi, les
observacions actuals poden tenir implicacions en la relacié entre la pandémia de 'obesitat i

el canvi climatic.
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RESUMEN

La incidencia de la obesidad ha aumentado drasticamente en los ultimos afios llegando a
alcanzar proporciones epidémicas. La obesidad es una enfermedad crénica multifactorial
asociada a una acumulacién anormal de tejido adiposo no funcional y se ha asociado a
multiples desérdenes relacionados, incluyendo la disfuncién cognitiva. Se conoce que el
declive cognitivo es un grave problema para la salud y se ha encontrado que es mas
pronunciado en enfermedades metabdlicas, como es la obesidad. La etiologia de la obesidad
es multifactorial, incluyendo factores ambientales. Actualmente, los factores ambientales
estan en constante cambio debido al cambio climatico que esta aumentando la temperatura
de la tierra. Se conoce que el proceso de browning es muy importante en la fisiologfa el tejido

adiposo.

El objetivo de esta tesis es describir la interaccién bidireccional entre el tejido adiposo y la
funcién cognitiva en sujetos humanos con obesidad moérbida, asi como también en modelos
animales, e investigar como la temperatura ambiental puede afectar la fisiologfa del tejido
adiposo y los rasgos metabolicos del tejido adiposo blanco. Por este propésito, distintas
cohortes de participantes, con y sin obesidad, se han reclutado y se han llevado a cabo analisis
transcriptomicos en el tejido adiposo de éstos. La funcion cerebral se ha evaluado a través
de pruebas neurocognitivas. Los datos de temperatura se han obtenido de una cohorte de
mas de 1000 participantes de cinco regiones diferentes de Espafa. Drosophila melanogaster y
ratones se han utilizado como modelos animal para estudiar la funcién cognitiva, donde se

ha alterado la expresion de genes diana en el faf body o en el tejido adiposo.

Aqui, hemos identificado 188 genes a través de secuenciacion de RNA del tejido adiposo de
tres cohortes que se han asociado con el rendimiento en diferentes dominios cognitivos.
Estos genes estan involucrados en funcién sinaptica, metabolismo del fosfatidil-inositol,
cascada de complementos, sefializaciéon anti-inflamatoria, y metabolismo de vitaminas. Estos
hallazgos fueron trasladados al metaboloma plasmatico. Los niveles de expresion circulante
en sangre de la mayorfa de estos genes también estan asociados con distintos dominios
cognitivos en una cohorte de mas de 816 participantes. La expresion dirigida de un gen
ortélogo candidato en el fat body de Drosophila altera de manera significativa la memoria y el
aprendizaje en moscas. Entre todos ellos, la disminucién de la expresion del gen SLC78A2,

asociado al ciclo de liberacién de neurotransmisores, mejora las capacidades cognitivas en
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Drosophila y en raton. La sobre-expresion de RIMST en el fat body de Drosophila mejora las

capacidades cognitivas.

La expresion de genes asociados a browning y ADIPOQ en el tejido adiposo esta asociado
negativamente de manera significativa a la temperatura ambiental. Estas mismas
temperaturas estan negativamente asociadas a la expresion de genes involucrados en
adipogénesis. Una disminucién de la expresion de UCPT y ADIPOQ en RNA mensajero vy,
adiponectina circulante, se ha observado con el aumento de temperaturas en todos los
participantes como un conjunto y en los participantes con obesidad tanto en analisis
univariantes, multivariantes como también en inteligencia artificial. Las diferencias se
mantienen significativas en participantes sin diabetes tipo 2 y en las muestras recogidas

durante invierno.

En conjuntos, estos hallazgos sugieren una interaccién bidireccional entre el transcriptoma
del tejido adiposo y la funcién cerebral en humanos, asi como también en modelos animales.
Ademas, dado el gradiente norte-sur de la incidencia de la obesidad en las regiones de estudio,
las observaciones actuales pueden tener implicaciones en la relacion entre la pandemia de la

obesidad y el cambio climatico.
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INTRODUCTION

1.1 OBESITY

1.1.1 Definition and classification of obesity

Obesity is a multifactorial chronic disease characterised by an excessive fat accumulation
(globally, regionally and/or in organs) that increases the risk of adverse health outcomes
and reduces life expectancy °. Specifically, the World Health Organization (WHO) defines
overweight and obesity as abnormal or excessive accumulation of fat that presents a risk to
health *. This accumulation is usually due to an imbalance between energy intake and energy

expenditure, resulting in a chronic positive energy balance °.

The WHO defines obesity as a percentage of fat mass greater than 25% in men and 33% in
women. This definition is currently considered inadequate, as we know that obesity is a
chronic, relapsing disease with a more complex etiopathogenesis than expected, causing

multiple comorbidities, reducing patient life expectancy and lacking effective treatment.

The body mass index (BMI) is a simple and available weight-for-height index that is widely
used to classify overweight and obesity in adults. It is defined as a body weight in kilograms
divided by the square of his height in meters (kg/m?. WHO uses BMI to classify obesity
into different groups (Table 1).

Table 1 | Classification of overweight and obesity in adults based on BMI. Tuble taken and adapted from
Purnell ]. ©. (2000) 1

Underweight <185
Normal 18.5-24.9

Overweight 25.0-29.9
Obesity =30
Class I 30.0 — 34.9
Class 11 35.0 —39.9

Severe Obesity
(class IIT)

=40
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Overweight is defined as a BMI equal to or greater than 25 kg/m? obesity is defined as a
BMI equal to or greater than 30 kg/m? and severe obesity is defined as a BMI equal to or
greater than 40 kg/m* *. BMI correlates with the percentage of body fat, which is

independently influenced by sex, age and race .

1.1.2 Pathophysiology of obesity

Although obesity is a multifactorial and multisystem disease, its pathophysiology is well
understood. The hallmark for understanding the pathophysiology of obesity is based on the
energy homeostasis, a biological process responsible for maintaining a balance between

energy intake and energy expenditure over time °.

Energy homeostasis is achieved by a system whereby circulating signals inform the brain of
available energy stores (a process known as ‘adipose negative feedback’) and the brain makes
corrective adjustments to food intake in response . The two main hormones involved in
energy homeostasis are leptin, secreted by the adipose tissue (AT), and insulin, secreted by
the pancreas. Both circulate at levels in proportional to body fat stores and act in the brain
to reduce food intake °. Negative feedback from adiposity reduces food intake by increasing
brain responsiveness to satiety signals, an effect mediated by neuronal input from leptin and

insulin 8,

Obesity is defined as a pathological state based on peripheral accumulation of adiposity ’,
which results when caloric intake exceeds current requirements . Humans consume
carbohydrates, proteins, fats and non-nutritive bioactive compounds such as dietary fibre,
polyphenols or terpenoids as part of the substrate required for life. When more
macronutrients are consumed than are used, the excess is stored in the form of glycogen and
fats. This storage fat is mainly made up of triglycerides (T'G), which accumulate in aggregated
adipocytes to form white adipose tissue (WAT). These energy stores provide energy to

support the ongoing metabolic needs of the organism '*'".

As weight increases, insulin secretion must increase in basal state and in response to meals
to compensate for insulin resistance (IR) if normal glucose homeostasis is to be maintained.
Increased insulin secretion as obesity progresses, increases insulin delivery to the brain, where
it helps to limit further weight gain. Leptin has a more important role than insulin in central

nervous system (CNS) control of energy homeostasis °.
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The lipid depot function of WAT is to mobilise TG for systemic utilisation when other
tissues require energy. Fat accumulation becomes pathogenic when the energy balance
between the ingested and burnt energy become too positive, resulting in weight gain *'%. This
excess energy intake triggers several morphological and metabolic changes, such as
hypertrophy and hyperplasia of the adipocytes, in addition to fibrosis and inflammatory

processes 13.

Hypertrophy is an adaptive response to excess fat that maintains the nutrient buffering
capacity of the AT by increasing the size of the existing adipocytes '*"°. Hyperplasia is the
ability to generate new mature adipocytes by differentiating resident preadipocytes to

14,16

increase they in number . In addition, hyperplasia attempts to balance hypertrophy to

16

maintain AT homeostasis °. The higher the degree of hypertrophy, the lower the rate of

adipocyte formation occurs .

In a chronic state of positive energy balance, the adipocyte initially expands until it reaches a
critical cell size and becomes lipid overloaded . Adipocytes experience increased mechanical
stress as their contact with neighbouring cells increases and they experience hypoxia . Then,
developed a pro-inflammatory role, leading to fibrosis, apoptosis, and finally IR ">'. The
increased mechanical and hypoxic stress of hypertrophic adipocytes contributes to AT
inflammation '*. In contrast, hyperplasia attempts unsuccessfully to repair the metabolic

changes caused by the excess fat * (Figure 1).
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Figure 1 | Comparative scheme between hypertrophy and hyperplasia processes in AT. Once the energy
imbalance is presented, fat accumulation begins in the AT. In this sense, the AT tries to manage this excess in
two ways: in a healthy mode generating new adipocytes (hyperplasia) or in a pernicious manner with the
enlargement of the existing ones (hypertrophy). In the case of hypertrophy, this happens because of an inability
to manage such excess of lipids which leads to lipid overload and consequently to a pathological state. Thus,
begins the infiltration of macrophages among other immune cells and the consequent inflammatory response

of the AT. Figure taken and adapted from Ghaben A. 1. (2019) 18

1.1.3  Aetiology of obesity

The exact cause of obesity is complex and unknown. Given the increasing epidemiology of
obesity and the fact that several factors have been described as causally influencing the
aetiology of obesity, there is a need to understand ". There appears to be an interplay between

hereditary, environmental, physiological, behavioural, social and economic factors >

(Table 2).

Hereditary factors and our particular socio-economic and socio-cultural environment, such
as a sedentary lifestyle combined with excessive energy intake, have been shown to influence
the risk of obesity. These factors create an obesogenic environment. An obesogenic
environment is any influence on the environment, opportunities or living conditions that can

promote obesity. Not all of us who live in obesogenic environments experience the same
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increase in our waistlines. While body weight regulation is and should be viewed as a complex
interaction between environmental, socio-economic and genetic factors; personal behaviours

in response to these conditions continues to play a dominant role in preventing obesity *.

Table 2 | Major risk factors that influenced the aetiology of obesity. Tuble taken and adapted from Hruby A.
(2015) 2

Diet tt .
[ctaty patteris Socio-demographic

Environment Sedentary lifestyle / o
. , , , . indicators

Genetics Gut microbiota physical exercise o
. . . Globalisation

Epigenetics Endocrine- Stress o
2 : i , Urbanisation
Family history disrupting chemicals Sleep .

) . ) Lack of education
Chronodisruption Several disorders

.. Pover
and medication R

1.1.3.1  Hereditary factors

Genetic factors: Genetic factors account for 20 — 40% of the causes of obesity **, more than
140 genetic regions have been related to different adiposity measures *. Obesity is a
polygenic disease, generally not caused by a mutation in a single gene, but rather by the

25,26

accumulation of multiple genes that predispose an individual to obesity “~>*°. However, several

loss-of-function mutations have been identified that cause monogenic obesity and act in the
appetite-regulating leptin-melanocortin pathway * including leptin *’, leptin receptor **%,
pro-opiomelanocortin and melanocortin 4 receptor *. Of these, the melanocortin 4 receptor

mutation is the most common cause of monogenic obesity in humans °.

Epigenetics: Epigenetics is defined as heritable changes in gene function that occur without a
change in deoxyribonucleic acid (DNA) sequence, suggesting that is a heritable trait *'. It
includes DNA methylation, histone modifications and micro—ribonucleic acid (mictoRNA)-

*. Epigenetic modifications of gene expression during eatly life are

mediated processes
increasingly recognised as contributing to obesity . Genetic predisposition and ageing are
factors that contribute to epigenetic variability, and, several environmental factors, including

exercise and diet, further interact with the human epigenome °'.
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Family bistory: The likelihood of becoming obese can be influenced by family history. A child
with an obese parent has a three-fold risk of becoming obese as an adult, while a child with

both parents obese has a ten-fold risk of future obesity *.

1.1.3.2  Environmental factors

Environment: 1t is well known that environmental factors are important precursors of health
and disease "’, which play a role in the development of obesity **. This refers to the built
environment (fast food restaurants, parks, transport or the healthiness of the
neighbourhood) and to the environmental pathogens such as viruses, microbiomes and social
networks *. The presence of neighbourhood recreational spaces for physical activity has been

associated with increased levels of physical activity °.

Over the last 20 years, environmental changes have increased obesity rates *°. With the rise
in the obesity pandemic and the increase in the overall temperature of the Earth's
atmosphere, there is a growing trend that environmental temperatures may be influencing

the obesity pandemic *’.

Gut microbiota: The body’s microbiome has the potential to influence our physiology in several
ways and contribute to metabolic function acting through an integrated host to regulate
energy storage **. Normally, the gut microbiota plays a beneficial role in the host, but

dysbiosis between microbial populations ** can increase dietary energy harvest, resulting in

20

an obese microbiome ' and developing some diseases, such as neurological disorders,

*. Furthermore, specific

inflammatory bowel disease, malnutrition, cancer or diabetes
bacterial profiles have been identified in obese individuals that promote the storage of dietary

energy .

Endocrine-disrupting chemicals: Endocrine-disrupting chemicals are exogenous chemicals that
can mimic or block the action of hormones by binding to or interfering with their receptors.
This interference disrupts signalling processes throughout the body, leading to diseases of
the endocrine system, or indirectly by disrupting hormone levels of altering hormone
transport. In particular, obesogens, a subclass of endocrine-disrupting chemicals, can disrupt
sensitive metabolic processes if exposure occurs during early development, predisposing

individuals to weight gain, increasing the number and size of adipocytes. Endocrine-
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disrupting chemicals can cause changes in hypothalamus, which have a role in eating

behaviour .

Chronodisruption: It is defined as a disruption of the internal temporal ordering of biochemical,
physiological and behavioural circadian rhythms that results in an alteration of the normal
pattern. It can be caused by various environmental factors or external common situations
such as jet lag, shift work, night light pollution or night-time leisure activities. Other factors
are internal, caused by changes in the core machinery of the molecular circadian clock.
Mutations in clock genes are associated with obesity and may interact with obesogenic

behaviours for obesity or weight-control parameters .

1.1.3.3  Bebavionral factors

It has been suggested that behavioural and lifestyle changes in wide sectors of the population
are responsible for the persistent imbalance between the total energy intake and the energy

expenditure **.

Dietary patterns: The shift away from low-calorie, high-fibre diets towards energy-dense,
palatable diets is thought to be contributing to the increased prevalence of obesity. In
addition, many of the low-cost foods available are salty, fatty and/or sweet, relatively
palatable, with large amounts of sweetened beverages. Exposure to these food cues

constitutes a challenge to homeostasis 2526

Sedentary lifestyle | Physical exercise: Sedentary lifestyle has been positively associated with

obesity *. Physical activity, sedentary time and screen time were associated with weight

change and maintenance in adulthood *.

Stress: The modern environment and the hectic lifestyles have increased psychological stress

. Stress is known to induce overeating and, per se, obesity .
Sleep: The link between short sleep duration and obesity is well established *.

Several disorders and medication: Thete are some syndromes, disorders and/or drugs that can

increase the risk of obesity *’ (Table 3).
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Table 3 | Syndromes, disorders and drugs that can promote obesity. Table taken and adapted from Apovian
C. M (2014)20

Syndromes, disorders and drugs that can promote obesity

Prader-Willi
Bardet-Bied!
Syndromes Cohen

Alstrom
Frohlich

Brain injury
Brain tumour
Neurologic disorders e
Consequences of cranial irradiation

Hypothalamic obesity

Hypothyroidism
Cushing
Endocrine disord
ndocrine disorders Growth hormone deficiency

Pseudohypoparathyroidism

D :
Psychological disorders Eati jgr;jssii):llers

Tricyclic antidepressants
Oral contraceptives
Antipsychotics
Antiepileptic
Drug-induced Corticosteroids
Sulfonylureas
Thiazolidinediones
Insulin
Beta-blockers

1.1.3.4  Social and economic factors

Socio-economic factors play a significant role in food choices, leading to unhealthy weight
gain and increased risk of obesity. Increasing age, low income and low education are
associated with high BMI *. Gender differences may be due to lower paid jobs, which tend

to be more physically demanding for men >

10
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1.1.4 Related disorders associated to obesity

Obesity comprises a significant public health threat and have negative effects of the quality
of life " declining life expectancy ***". Obesity predisposes patients to a large number of
comorbidities and increased mortality rates. Overall, health risks and mortality increase as
the degree of overweight increases *'. For every increase in 5 units of BMI higher than 25

kg/m’ the total mortality increases 30% *.

1.1.4.1  Metabolic syndrome

Metabolic syndrome is a condition defined by a cluster of risk factors that directly promote

. Increased

the development of cardiovascular diseases and type 2 diabetes (T2D)
abdominal obesity, or waist circumference, has been recognised as an independent
component of the metabolic syndrome. Elevated TG concentrations, low high-density
lipoprotein (HDL) cholesterol levels, elevated blood pressure, and high fasting glucose

concentrations are also recognised as components of metabolic syndrome. Subjects with

three or more factors are classified as having metabolic syndrome *' (Table 4).

Table 4 | Factors that defines the metabolic syndrome. N Oliveras-Casiellas (2024)

Waist circumference

Men > 102 cm
Women > 88 cm
TG > 150 mg/dL

HDL - Cholesterol

Men <40 mg/dL
Women < 50 mg/dL
Blood pressure 2130 / 2 85 mmHg

Fasting glucose 2100 mg/ dL

11
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Specifically, hypertriglyceridemia and low HDL-cholesterol, together with an increase in the
total cholesterol and/or low-density lipoprotein (LDL) cholesterol, is known as

dyslipidaemia *.

1.1.4.2  Type 2 Diabetes

T2D is strongly associated with obesity and with the central distribution of body fat *'.
Overweight raises risk of developing T2D by a factor of 3, and obesity by a factor of 7 . The
tisk of having T2D is 40 times higher in people with BMI higher than 35 kg/m* than BMI
lower than 23 kg/m” *.

T2D is characterised by an alteration on the metabolism of carbohydrates, fatties and
proteins, which depends on changes in insulin secretion and/or insulin sensitivity producing
a continuous hyperglycaemic status ©. Obesity can modify these factors. T2D is diagnosed
when fasting glucose is higher than 126 mg/dL and/or glycosylated haemoglobin (HbAlc)
higher than 6.5%.

Insulin is the responsible of reducing blood glucose levels through the induction of glucose
uptake for insulin-sensible tissues like muscle, heart or AT; and inhibited the glucose
production in liver, kidney and small intestine. IR is a dysregulation of blood glucose uptake
due to a loss of tissue insulin sensitivity as a result of inhibition of the insulin signalling

pathway *.

1.1.4.3  Cardiovascular disease

Hypertension, dyslipidaemia and hyperglycaemia, components of metabolic syndrome, are
obesity-related risk factors for the developing of cardiovascular diseases. In addition,
overweight and obesity, with and without metabolic syndrome, are a risk factor for heart

disease, such as myocardial infarction, ischemic heart disease ¥, and ischemic stroke **.

b

Cardiovascular diseases, specifically ischemic heart disease and stroke, are the leading cause

of BMI-related deaths globally °.

The dysfunctional AT, present in an obese subject, produces pro-inflammatory factors that

induce a chronic stress and release lipids into bloodstream. As a consequence, increase blood

12
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pressure, which is proportional to the percentage of fat body. This increase led to also
increase fat ectopic deposition and coagulation factors, which increase the formation and

breaking of atherosclerotic plates, characteristic from cardiovascular disease *.

1.1.4.4  Gastrointestinal and hepatic diseases

There are many gastrointestinal and hepatic diseases for which obesity is the direct cause or
a significant risk factor. When obesity is a risk factor, it may interact with other pathogenic

mechanisms and result in eatlier presentation of disease or complications *'.

Gastrointestinal tract plays a role in obesity through contributions to satiation, production
of gut hormones that influence appetite and the absorption of nutrients that determine the
positive energy balance that results in obesity . It is well known that obese subjects had
micronutrient deficiencies of vitamins D *', A, C and E, as well as, iron, copper, calcium and
magnesium % Increase body fat increases the turnover of cholesterol, this extra load of
cholesterol may be the tipping point for the development of stone formation and gall bladder

disease *' being a strong association with gallstone diseases 0,

Obesity is the main factor associated to fatty depot at hepatic level. Around 75% of obese
patients have some fatty depots in hepatic tissue *’. Exist a positive correlation between BMI
and non-alcoholic fatty liver disease (NAFLD), which shared pathogenic mechanisms *".
NAFLD is the more prevalent abnormality in patients with obesity, which progress to

steatohepatitis and cirrhosis .

1.1.4.5  Neurological manifestations and psychiatric conditions

Obesity is associated with anatomic and functional changes in human brain ?, but the link
that led to neurological disorders is complex and multifactorial, from both CNS and
peripheral (PNS) nervous system impairments. CNS and PNS are quite distinct in form and
function, but both are susceptible to obesity-driven dysfunction, suggesting that common

mechanisms contributing to disease progression may be perpetuated by visceral adiposity *.

In older population, BMI is inversely correlated with brain volume, and obese older adults

show atrophy in the frontal lobe, anterior cingulate gyrus, hippocampus and thalamus. In

13
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addition, overweight in midlife increases risk of Alzheimer’s disease (AD) or degenerative

disorders such as dementia, and higher risk is observed for obesity % Some studies show a

relation between T2D and dementia

>, in which T2D acts as an accelerated of cognitive

dysfunction . Subjects with obesity and metabolic syndrome, but without hyperglycaemia,

are more propetly to have a global cognitive dysfunction **.

Related to psychosocial disorders, obesity is associated with increased risk of them, which

include major depression, anxiety, manic episode, alcohol abuse

5960 and eating disorders o1,

Persons with higher BMI showed a slightly increased risk of developing depression *.

1.1.4.6  Other disorders developed as a consequence of obesity

Other important disorders developed as a consequence of obesity are found in Table 5:

Table 5 | Disorders developed as a consequence of obesity. N Oliveras-Casiellas (2024)

14

Obstructive sleep apnoea

Cancer

Hypothyroidism

Obese individuals, like a consequence of anatomic
characteristics collapse the superior airway and have an
elevated risk of obstructive sleep apnoea “**. Around
60% of the people who are obese have obstructive
sleep apnoea.

Obesity contributes to around 6% of cancers
diagnosed in 2007 * and up to 14% of all deaths from
cancer *~. The most common cancers developed by
the contribution of obesity are breast, endometrial,
ovarian, colorectal, oesophageal, kidney, pancreatic

and prostate cancer °'.

Undiagnosed hypothyroidism may go to weight gain,
but obesity also affect thyroid function . Thyroid
hormones are linked to body composition because
they are integral in basal metabolism and
thermogenesis, and also affect in the metabolism of
glucose and lipid, fat oxidation and food intake. In
obesity, an increase in the thyroid-stimulating
hormone levels has seen, suggesting that obesity has
an impact on the hypothalamic-pituitary-thyroid axis,

leading to changes in thyroid function *.



Polycystic ovary syndrome
and infertility

Osteoarthritis

Dermatological entities

Trauma and infection

INTRODUCTION

Obesity exacerbates the incidence, prevalence and
severity of polycystic ovary syndrome . Around
80% of women with polycystic ovary syndrome are
obese . Women with polycystic ovary syndrome have
greater metabolic pregnancy complications and the
offspring. have increased risk of congenital

. Weigh loss improve reproductive,

abnormalities
metabolic and psychological features in polycystic

ovary syndrome ©.

The global prevalence of osteoarthritis continues to
escalate, as a result of an ageing population and as a
result of the current obesity epidemic . Body weight
influences the severity of osteoarthritis, every 5kg of
weight gain conferring a 36% increase in the risk of
knee osteoarthritis. Obesity and osteoarthritis reduce
mobility and activity, further weight gain and
decreased muscle strength ”'. Weight loss coupled with
exercise, is recognised as an important approach in the
management of obese patients with osteoarthritis ™.

Obesity causes alteration in skin physiology that
predisposes obese individuals to the development of
various skin manifestations and diseases, such as

psoriasis .

Hospital mortality increased in 30% and the risk of
major complications after a surgery double in obese

patients °.

1.1.5 Diagnosis and treatment of obesity

The most commonly used method for estimating body fat is based on BML. It is a very
simple, easy and inexpensive way to identify obesity . BMI can be used as a screening tool
to estimate adiposity, but it is an anthropometric measure that clearly underperforms as a
predictor of health and as a sole guide for clinical decision-making ™. It has been recognised

that is an imperfect index, unable to correctly quantify adiposity °.

The diagnostic accuracy of BMI for obesity is not optimal, especially in individuals with
higher body fat percentage but normal and intermediate BMI values ”. Another limitation is

that BMI does not take into account important vatiables such as gender, age  or ethnicity .

15
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Loss of muscle mass makes BMI a less accurate predictor . Although, BMI correlates with
fat accumulation and metabolic health in large populations, it is insensitive to body fat
distribution . BMI is not used as the sole measure of obesity, but as a complement to others

measures.

Waist circumference or waist-to-hip Ratio (WHR) can predict obesity-related diseases ™.

Both are anthropometric markers used in clinical practice to measure abdominal or central
obesity, which is a better indicator of the risk of developing obesity-related diseases *'.
Abdominal adiposity is thought to be primarily visceral, metabolically active fat surrounding
organs, and is associated with metabolic dysregulation that predisposes individuals to
cardiovascular disease and related conditions . In Caucasians, central obesity is diagnosed
when the waist circumference is at least 88 cm for women and 102 cm for men ”, and when
the WHR is >0.5 and abdominal adiposity is high . In conjunction with BMI, which

indicates general adiposity, waist circumference and WHR are used as proxies for central

adiposity and intra-abdominal visceral fat °.

A better way to define obesity is by percentage of total body fat, although this is rarely used
in clinical practice because of inconvenience and cost. Obesity can be defined as 25% or
more in men and 35% or more in women ”’. Fat mass can be measured directly using imaging
techniques that can provide accurate and repeatable body composition °. These include Dual-
Energy X-ray Absorptiometry, Computed Tomography and magnetic resonance imaging
(MRI). In addition, fat mass can be measured indirectly using Hydrostatic Weighing

(densitometry), Air Displacement or Bioelectrical Impedance Analysis .

8 Treatment

In obese people it is recommended that lose at least 10% of their body weight
of obesity has goals beyond weight loss, such as reducing obesity-related risks and improving
overall patient health. Early intervention and effective treatment of obesity are needed to
manage obesity-related co-morbidities and improve the quality of life and well-being of obese
patients. Weight management goals should emphasise realistic weight loss to reduce health
risks and include promotion of weight loss, maintenance of weight loss and prevention of

weight regain *'. The best recommended treatments are lifestyle changes, pharmacotherapy

and bariatric surgery.

Weight loss interventions may be recommended for people with a BMI > 30 or BMI > 25
and weight-related complications. A multifactorial lifestyle program, including dietary

modifications with reduced calorie intake, increased physical activity and behavioural

16
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changes, is recommended as basic therapy *****. Loss of 5 — 10% of initial weight to reduce
the impact of obesity-related complications. Weight loss is greater when diet is combined

with physical activity.

Pharmacological weight loss with medications is used in combination with lifestyle

interventions * in adult obese individuals with a BMI > 30 kg/m” or with a BMI > 27 kg/m’

80,82,83

and obesity-related comorbidities or in those patients who have not lost >5% of their

baseline weight after 3 — 6 months of participation in a lifestyle program *.

Bariatric surgery is recommended for adult obese individuals with a BMI > 40 kg/m* or a

BMI > 35 kg/m’ with obesity-related comorbidities such as diabetes, dyslipidaemia or

hypertension, or when all non-surgical weight loss interventions have failed *>***,

Weight loss is associated with improvements in intermediate risk factors for disease and
could reduce mortality ®. In addition, bariatric surgery reduces chronic inflammation
associated with obesity and alters biomarkers, gut microbiota, and long-term remission of

diabetes *

. After weight loss, long-term measures are needed to maintain the lost weight.
This should include a low-calorie and balanced diet, increased physical activity and

behavioural support 8

1.1.6 Epidemiology of obesity

The prevalence of overweight and obesity has increased worldwide in recent decades,

2,86

reaching epidemic proportions =*°. Currently, obesity and related disorders constitute a

serious threat to the future health of all the world’s population 87,

According to the WHO, the global prevalence of obesity has tripled since 1975 and continues
to grow exponentially, making it one of the most prevalent diseases in the world (Figure 2).
In 2016, approximately 1.9 billion of the world’s adult population were overweight (38.9%)
of which 650 million were obese (13.1%) *. The distribution of obesity prevalence is
heterogeneous around the world, with obesity tending to be higher in the richer countries of
Europe, North America and Oceania, and very low in the Southern Asia and Africa (Figure

2B).
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[T Data not available
[ Not applicable .

Figure 2 | Epidemiology data from obesity prevalence worldwide. A. Percentage of BMI > 30 kg/m?2 in
1976. B. Petcentage of BMI > 30 kg/m2 in 2022. Figure taken and adapted from WHO *

Overweight and obesity affect adults of all ages, ethnicities and socioeconomic levels.
However, it is generally more prevalent among older people and women (15.1%, compared

to 11.1% among men) "',

Focusing on Europe, the incidence of obesity was 23.3%, specifically 23.3% for men and
24.5% for women. A similar trend was observed in Spain, where the prevalence of obesity

was 23.8%, 24.6% for men and 22.8% for women *.
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Changes in the food environment and food systems are likely to be important drivers.
Increased availability and accessibility of energy-dense foods may explain weight gain in
different populations. In addition, more time spent in sedentary work and less time spent in

leisure activities have also contributed to the increasing prevalence of obesity *.

Global mortality related to high BMI increased by 28.3% in 2015. Excess body weight is a
major risk factor for mortality and morbidity, contributing to 4 million deaths and 120 million
disability-adjusted life years (DALYs) among adults wotldwide *. Most of the health
consequences of obesity are due to non-communicable diseases, cardiovascular disease,
diabetes and some cancers ». For every 5 units increase in BMI above 25 kg/m?, all-cause

mortality increases by 29%, vascular mortality by 41% and diabetes-related mortality by
210% *.

In addition to excess mortality, obesity is also associated with poorer quality of life for
patients, leading to many social and work limitations and, as a consequence, high healthcare
costs *. Obesity also contributes to a reduction in life expectancy of up to 4.2 years for men
and 3.5 years for women. In the case of morbid obesity, the reduction increases to 7.7 and

9.1 years, respectively *.

Obesity is associated with a 36% increase in annual healthcare costs in developed countries,
mainly due to associated comorbidities, and a 77% increase in medication costs compared to

average weight */

. Obesity patients incur 46% more hospital costs, 27% more outpatient visits
and 80% more of medication costs. These costs focus on healthcare and ignore the economic

impact of lost productivity due to disability and obesity-related diseases .
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1.2 ADIPOSE TISSUE

1.2.1 Description of the adipose tissue

The AT is a complex endocrine organ that contributes to the systemic . In addition, AT
provides a physical barrier for thermal insulation and acts as a mechanical cushion to protect
internal organs from mechanical stress. Fat mass can range from 5 to 60% of total body

weight ** and its distribution is influenced by sex *, race ** and age .

The AT is made up of connective tissue, specifically mesenchymal tissue, composed mainly
of fat cells called adipocytes, surrounded by the stromal vascular fraction (SVF). Adipocytes

are the predominant cell type in the AT and are considered the functional unit of the tissue.

The SVF is a mixture of a variety of other cell types such as preadipocytes, human adipose
stromal cells, vascular endothelial cells, fibroblasts and several immunological cells
(macrophages, lymphocytes, eosinophils, T and B cells, mast cells and neutrophils) . The
proportions of the cellular populations of the SVF vary according to the type, localisation
and metabolic state of the AT to which they belong and can be influenced by local and

96

systemic factors related to inflaimmation, IR or obesity ™. These support cells represent

approximately 60% of the cells in AT, although 90% of the tissue volume is occupied by fat

97

The AT is categorised on the basis of its anatomical location and the main cell type it
contains. Traditionally, adipocytes have been classified into two types that differ in function,
morphology and location. White unilocular adipocytes, which make up the WAT, are a tissue
mainly specialised in fat storage. However, brown multilocular adipocytes have many
mitochondria that are used to consume the stored energy through heat dissipation in a
process called non-shivering thermogenesis, these adipocytes make up brown adipose tissue
(BAT). WAT accounts for more than 95% of AT mass; whereas BAT accounts for only 1 —
2% **. More recently, a third type of AT, known as beige or brite, has been identified *. Beige
adipocytes, which have morphological and biochemical characteristics of classical brown fat,
have a flexible phenotype depending on the physiological circumstances, they can store or

release energy '".

Although they all belong to AT, their developmental origin is different "', It was once
thought that brown and white adipocytes shared a common precursor, but it is now known

that brown fat develops differently from white fat. WAT formation begins in utero from a
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mesenchymal origin and its development is stimulated after birth when adipocytes are needed
for energy storage. Most white adipocytes are thought to originate from mesenchymal
progenitor cells of the mesoderm, but white adipocytes from different depots seem to have

different origins 102,

Brown adipocytes express some myogenic genes not seen in white adipocytes. Skeletal
muscle and brown fat are derived from the same or very similar precursors that share a

1% Myocytes and brown adipocytes are derived from

common developmental origin
mesenchymal stem cells (MSCs) that express the myogenic factor 5 (Myf5) "*%!%1% Myf5 is
a myogenic determinant with metabolic similarities between brown fat and skeletal muscle
in terms of high oxygen consumption and fuel use, and the metabolic difference between

BAT and the less metabolically active and energy storing WAT depots .

Although beige adipocytes share characteristics with brown fat, they do not originate from

103

the Myf5 lineage ”. Beige adipocytes share the white adipocytes program

1.2.2 Types of adipose tissue
1.2.2.1  White Adipose Tissue

WAT is the predominant tissue type in mammals and represent around 95% of AT mass

1% The distribution of AT depends on sex. Normal weight women have a higher

proportion of fat mass, around 25 — 30%, compared to men with 10 — 20% '"**'".

White adipocytes appear as polyhedral and round cells with a large diameter, characterised
by a single large lipid droplet (LD) occupying most of their cytoplasm (95% of cell volume),

forcing the nucleus and all other organelles to the periphery of the cell, with a low content

66,92,107-109

of mitochondria and other organelles in their lateralised cytoplasm . During

development, young adipocytes contain multiple small LD that coalesce into a single lipid
inclusion as the cell matures and becomes unilocular '”.

97

WAT accumulates in discrete sites, which are recognised as specific depots ~' and are

classified according to their localisation. The different depots are distinguished by their

98,110 111

distinct anatomical locations and endocrine and metabolic characteristics . The largest
WAT depots are found in the subcutaneous region and around the viscera '’. Subcutaneous

adipose tissue (SAT) and visceral adipose tissue (VAT) not only differ in localisation, also in

21



N Oliveras-Canellas

the progenitor cells that give rise to each tissue, giving them a different functions and

characteristics '

SAT is located under the skin and outside the peritoneal cavity in several body regions 7,
mainly around the abdomen, hips and thighs, and accounts for approximately 80% of total
body fat """, VAT represents 5 — 20% of total body fat mass '*7 and it surrounds many
organs intra-abdominally and provides a protective cushion ®. VAT is found in the
mesenteric region connected to the intestine, within the abdominal musculature and in the

9

thoracic region ”’, in the omental region around the stomach and spleen, in the perirenal

66

region covering the kidneys  and in the epicardial region around the heart '*.

The adipocytes of SAT started to differentiate in the prenatal stages, whereas VAT is made
after birth ''*. The SAT depot is heterogeneous and contains mature unilocular adipocytes
interspersed with small multilocular adipocytes, whereas the VAT depot is more uniform

and appears to consist mainly of large unilocular adipocytes '*.

SAT and VAT depots are likely to make different contributions to metabolism. SAT is
considered a healthy metabolic tissue, especially when localised in the femoral and gluteal
areas, where it protects against metabolic changes, improves glucose tolerance and negatively
correlates with IR ', SAT secretes circulating adiponectin, an anti-inflammatory adipokine

107,112

with beneficial metabolic effects , an essential hormone in the regulation of glucose

levels and fatty acid catabolism during caloric restriction '°

. However, VAT depots are
associated with metabolic complications and appear to increase the risk of diabetes,
hypetlipidaemia and cardiovascular disease . The size of VAT adipocytes is higher than
SAT because when they become hypertrophic, they have more IR and lipolytic capacity,

being one of the factors linking abdominal adiposity and cardiovascular risk '™

Studies in the last decades have shown that AT play a key role in metabolic systemic health,
because besides being the main energy stores, they can also secrete cytokines and hormones
that act as paracrine or endocrine in other tissues and organs, regulating or modulating their

function (lipid and glucose homeostasis, energy balance, inflaimmation and tissue repair)

109,117

The main function of WAT is to store energy into LD in the form of TG, according to
energy needs *'"*'"*, TG accumulation is achieved by de novo fatty acid synthesis, also known

as lipogenesis, as well as fatty acid uptake, whereas TG mobilisation is achieved by lipolysis
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(Figure 3). AT adapt rapidly to different nutritional conditions, remodelling fast and
dynamic, producing high number of molecules that cause high metabolic changes at systemic

level ''" and promote changes in the number and /or in size of adipocytes '*.

Lipogenesis | Lipolysis
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Figure 3 | Lipogenesis and lipolysis in AT. The figure shows the two main metabolic processes of the
white adipocyte, separated by a grey line. Lipogenesis is represented in the left side of the image and lipolysis
in the right side. Stimulated by energy excess, lipogenesis leads to the formation of T'G-containing LD in
adipocytes. Lipolysis is induced by energy demand and causes the release of glycerol and FFA from adipocytes.

Figure taken and adapted from Richard A. ]. (2000) 120

When there is an energy surplus, adipocytes store the excess of energy as TGs in the process
of lipogenesis. Glucose, which is the first stimulator of the lipogenic pathway, triggers the
synthesis and secretion of insulin from the pancreas. The action of insulin induces two major

aspects of this pathway, e novo lipogenesis and circulating TG pathway.

Firstly, insulin binds to its receptors on the surface of adipocytes and activates the protein
kinase B (Akt) pathway, which leads to the mobilisation of the glucose transporter 4
(GLUT4), allowing glucose to be taken up by the cell. Glucose enters adipocytes via GLUT4

and is metabolised by glycolysis to pyruvate. Under aerobic conditions, pyruvate is converted
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by pyruvate dehydrogenase to acetyl coenzyme A (acetyl-CoA), which enters the tricarboxylic
acid cycle (TCA) to produce citrate, which is transported to the cytosol and converted by
adenosine triphosphate (ATP)-citrate lyase (ACLY) to acetyl-CoA. This acetyl-CoA is
converted to malonyl coenzyme A (malonyl-CoA) by the enzyme acetyl-CoA carboxylase
(ACC) and, finally, fatty acid synthetase (FAS) converts this malonyl-CoA to palmitate (PA)
"?!. Glyceraldehyde 3-phosphate (G3P) is a limiting substrate for lipogenesis, more than that
provided by glucose via glycolysis, gluconeogenesis is another source of non-carbohydrate

substrates such as pyruvate, amino acids or lactate.

On the other hand, adipocytes take up dietary lipids from the bloodstream as non-esterified
fatty acids (NEFA) released from circulating TGs. Circulating TGs are bound to
chylomicrons (formed in the small intestine) and very-low density lipoprotein (VLDL)
(formed in the liver) ' Insulin induces the activity of lipoprotein lipase (LPL), which is
secreted by adipocytes and released into blood vessels where it interacts with VLDL and
chylomicrons to hydrolysed them. After hydrolysis, the entry of NEFA into cells requires
the facilitation of the cluster of differentiation 36 (CD306). Insulin also stimulates the
translocation of these fatty acid transporters to cell membranes, making insulin the
predominant stimulus on the lipogenesis process. Once free fatty acids (FFA) are inside the

adipocyte, NEFA is converted to acetyl-CoA by Acetyl-CoA synthetase (ACS).

At this step, the two pathways converge, the circulating TGs pathway and the de novo
lipogenesis pathway, which starts with glycolysis and continues with a series of reactions
leading to the synthesis of TGs. Next, G3P is acylated by glycerol 3-phosphate
acyltransferase (GPAT) to form lysophosphatidic acid (LPA), which is converted to PA and
dephosphorylated to form diacylglycerols (DAG). The final step in TGs synthesis depends

on the conversion of DAG to TGs by the enzyme diacylglycerol acyltransferase *"'*71%,

Conversely, during periods of energy demand such as fasting, exercise or cold exposure,
lipolysis is stimulated. Lipolysis is the catabolic process that leads to the release of FFA and
glycerol from TGs stored in the LD of adipocytes . In a state of high energy demand,
decreased levels of circulating insulin with increased levels of glucagon suppress lipogenesis
and induce the lipolytic pathway. Glucagon and other factors such as catecholamines,
natriuretic peptides, growth hormone and thyroid-stimulating hormone are stimulators of
lipolysis. Glucagon and catecholamines induce cyclic adenosine 3’-5-monophosphate

(cAMP) -dependent protein kinase A (PKA) activity by increasing cAMP production and
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activating PKA. Catecholamines, which include epinephrine and norepinephrine, are
released by the sympathetic nervous system (SNS). This action is exerted by binding to

membrane-bound f-adrenergic receptors found on adipocytes *"'*".

TGs are broken down into DAGs by the action of the adipocyte triglyceride lipase (ATGL).
Activated PKA phosphorylates hormone sensitive lipase (HSL), which hydrolyses DAG to
monoacylglycerols (MAG) and allows their translocation to the LD through the
phosphorylation of LD-associated proteins such as Perilipin 1 (PLIN1). The final step is the
hydrolyses of MAG into fully liberated glycerol and FFA by the enzyme monoacylglycerol
lipase (MGL) #2122 The hydrolysis of TGs results in the release of NEFA and glycerol
into the bloodstream, which can then be used as a substrate by other tissues '*".These by-
products can be re-esterified within the adipocyte to form TGs, or released into the
circulation to be used as fuel by other tissues. In the latter case, released NEFAs could be
consumed by oxidative tissues such as muscle, and glycerol could be used by the liver in the

gluconeogenesis process 127,

Another function of WAT, but no less important, is its endocrine activity. To date, more
than one hundred factors are known to be produced and released by WAT, known as
adipokines "*'. Adipokines play an important role in the regulation of many processes in the
organism, such as glucose and lipid metabolism (resistin and adiponectin), inflammation
(Tumour Necrosis Factor o (TNFa) and interleukin (IL) -18), coagulation (Plasminogen
Activator Inhibitor-1 (PAI-1)), blood pressure (angiotensinogen and angiotensin II) and food
intake (leptin). Many of these factors act locally within the WAT through autocrine/paractine
mechanisms, but others act systemically to influence the function of distant tissues, such as
the brain, skeletal muscle, liver, pancreas, blood vessels and heart *'%. Together, these
hormones function to regulate food intake, the reproductive axis, insulin sensitivity and

immune responses 109,110,135-137

Leptin, is one of the best characterised adipokines. Leptin is secreted almost exclusively by
adipocytes and plays a major role in suppressing appetite and promoting energy expenditure.
Leptin exerts its effects via the leptin receptor. Activation of leptin receptors in the
hypothalamus leads to supress appetite by inducing the synthesis of anorexigenic peptides

and blocking that of orexigenic peptides 18,98,110,138

Obesity is associated with increased leptin levels, which contributes to the development of

IR and metabolic syndrome. Leptin also increases fatty acid oxidation and decreases TG
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storage in muscle . Low circulating leptin levels may reflect depleted lipid stores in the AT

and increased energy requirements '

Leptin also mediates responses in peripheral tissues, including WAT, the endocrine pancreas
and other insulin-sensitive tissues. Indeed, leptin suppresses insulin signalling in adipocytes
and also antagonises hepatic insulin signalling. In the endocrine pancreas, leptin inhibits

insulin and glucagon secretion from B-cells, promotes lipid storage and leptin synthesis in

adipocytes, creating a bidirectional regulatory loop between B-cells and adipocytes '

Another important adipokine that regulates energy balance and insulin sensitivity is
adiponectin. It is produced exclusively by adipocytes '*"'**. Adiponectin modulates insulin
sensitivity by inhibiting hepatic glucose production, thereby enhancing glucose uptake in
muscle and increasing fatty acid oxidation in both liver and muscle "¥. Adiponectin has

insulin-sensitising and anti-atherosclerotic propertiesl?’z.

Unlike most adipokines, the expression and circulating levels of adiponectin are reduced in
obesity and its related comorbidities '*"'**. Abdominal AT can produce large amounts of IL-
6, TNFa and IL-1f, which ate known for their pro-inflammatory role. A positive correlation
between the plasma levels of these cytokines in IR and increased risk of T2D has been
observed. Importantly, IL-1f has been suggested to play a role in inflammatory pancreatic
B-cell damage and apoptosis '*'. Furthermore, blocking IT.-13 may be beneficial in preventing
IR and inflammation in obese individuals '*. Similarly, TNFo has been shown to impair

insulin sensitivity both 7 vitro and in vive **°.

1.2.2.2  Brown Adipose Tissue

BAT is mainly formed by brown adipocytes, polygonal cells rather smaller than white,
characterised by multiple small LD homogeneously distributed in their cytoplasm. Brown
adipocytes are also rich in mitochondria, giving them their reddish colour and a much higher
oxidative capacity than WAT '. Brown fat is highly innervated by the SNS and densely

vasculatised to ensure adequate oxygen and nutrient exchange and rapid heat distribution '*.

At molecular level, a unique defining feature of brown adipocytes is that they specifically

express Uncoupled Protein 1 (UCP1) . UCP1 is located in the inner mitochondtial
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membrane of brown adipocytes and acts as a proton channel ', allowing proton flux from
the intermembrane space into the mitochondrial matrix. This uncouples the oxidation of
reducing equivalents from the synthesis of ATP and dissipates the proton gradient generated

by the respiratory chain as heat '**'%.

BAT is unique to humans and large mammals. In humans, BAT was initially thought to be
present only during fetal and perinatal developmental in large interscapular and peri-renal

% and that adult humans lack brown fat

depots that help maintain core body temperature
after neonatal BAT regression. However, recent studies using fluorodeoxyglucose-positron
emission tomography in combination with computed tomography have shown that adult
humans have identifiable and active BAT. Human BAT depots are mainly located in the

cervical, interscapular, axillary, perirenal and petiaortic regions '**.

The main function of BAT is to dissipate energy as heat by metabolising fatty acids and
glucose in non-shivering thermogenesis through uncoupled mitochondrial respiration and
the action of UCP1 '™ to regulate body temperature and protect mammals from

66

hypothermia .

This process is triggered by increased sympathetic tone or by the action of endocrine
hormones that stimulate intracellular lipolysis in brown adipocytes. Cold receptors in the skin
detect cool ambient temperatures and send a signal to hypothalamic centres that regulate
body temperature. The efferent signal to the BAT is carried by the SNS and its transmitter
notepinephrine, which activates 33-adrenergic receptors and stimulates intracellular lipolysis
', Norepinephrine triggers a signalling cascade that activates UCP1, which uncouples
aerobic respiration by dissipating the intermembrane proton motive force, creating an ion

cycle that generates heat instead of ATP '*".

BAT protects against obesity by promoting energy expenditure. There is a negative
correlation between BAT and BMI. Obese individuals have lower levels of active BAT,
suggesting that BAT activation helps to reduce fat mass and improve metabolic health .

Furthermore, loss of UCP1 causes both cold intolerance and obesity .
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1.2.2.3  Beige Adipose Tissue

Beige AT develops within WAT through a preadipocyte subpopulation * or through trans-

152

differentiation of existing white adipocytes ", known as WAT browning. These types of

adipocytes are able to acquire the brown characteristics according to thermic needs >,

Beige adipocytes have a flexible phenotype with characteristics intermediate between WAT
and BAT ', can have either a large unilocular I.D or multiple smaller ones, and their

mitochondrial density is intermediate and tends to increase upon stimulation **'"".

In the basal, unstimulated state, the beige cells express very little of the thermogenic gene

programme, such as UCP1, and store energy . When stimulated by exercise, cold exposure

or P-adrenergic agonist, beige adipocytes activate the expression of UCP1 and other

l()(),l()S,l()‘),lSS' ThlS Suggests that

thermogenic compounds, characteristics of classical brown
beige cells are programmed to be bifunctional for energy storage in the absence of
thermogenic stimuli, fully capable of switching on heat production when the appropriate

signals are received "

1.2.3 Adipogenesis

Under certain conditions, when the balance between energy expenditure and caloric intake
is leaning towards energy excess, AT is stimulated. AT increases in size by promoting
hypertrophy and/or hyperplasia. Hypertrophy is the enlargement of pre-existing adipocytes,
whereas hyperplasia is the formation of new adipocytes by differentiation of resident
precursors (preadipocytes). Hyperplasia increases the number of adipocytes or the adiposity

of the tissue, a process known as adipogenesis.

Adipogenesis is a multi-step process in which MSCs differentiate into mature adipocytes.
Adipogenesis can be roughly divided into two steps: the commitment of MSCs to become
preadipocytes and the subsequent differentiation of preadipocytes into fully mature
adipocytes. The vascular stroma of the AT has a resident population of pluripotent MSCs
that have the potential to commit and differentiate into osteocytes (bone), adipocytes (fat),

chondrocytes (cartilage) or myocytes (muscle) *° (Figure 4A).
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Figure 4 | Adipogenesis. A. Multipotent fibroblast-like MSC are adipocytes precursors but also that of
chondroblast, osteoblasts and myoblasts. From MSC to mature adipocytes, 2 steps: commitment into

preadipocytes and differentiation to adipocytes. B. Commitment into preadipocytes, BMP binding to its
receptors induce pathway leading to functional synergy between PPARY and C/EBPa. - requirement to achieve

tully mature adipocytes. Figure taken and adapted from Ghaben A. L. (2019) 18

The commitment of MSCs to the adipogenic lineage is determined by a network of

extracellular signalling factors that often promote one pathway while inhibiting another

18,101,156

Recruitment to the adipocyte lineage is triggered by excessive energy intake and elevated
glucose uptake over a prolonged time period. This metabolic state appears to generate signals
that induce MSCs to enter the commitment pathway leading to hyperplasia and the pre-
adipocyte phenotype. The main factors that commit or inhibit the conversion of MSCs to
the adipocyte lineage are bone morphogenetic protein (BMP), BMP-2 and BMP-4, Wnt and
Hedgehog signalling.

BMP-2 and BMP-4 have an activating role, whereas Hedgehog has an inhibitory role. Wnt
has an activating role in the commitment step and an inhibitory role in the differentiation

156

step °. BMP-2 and BMP-4 bind and signal through their receptors to activate signal
molecule of the mother against decapentaplegic (SMAD) -4 by activating its partners SMAD-

1, SMAD-5 and SMAD-8. Activated SMAD-4 is translocated to the nucleus whete it induces
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the transcription of peroxisome proliferator activated receptor gamma (PPARy). PPARY is
considered to be the master regulator of adipogenesis. Wnt is a family of autocrine and
paracrine ligands that leads to the stabilisation of B-catenin, which in pre-adipocytes inhibits

the activation of PPARy and CCAAT / enhancer — binding protein (C/EBP) alfa, another

regulator of adipogenic gene transcription. While B-catenin-dependent signalling blocks the
adipogenic lineage, it promotes both myogenic and osteogenic lineages. Hedgehog signalling
results in the redirection of adipose precursors towards an osteogenic commitment. The
Hedgehog family of ligands suppresses adipogenesis by inhibiting BMP signalling pathways
1813 (Figure 4B).

The second step in the formation of new mature adipocytes is the differentiation of

14,157

committed pre-adipocytes and is dependent on the transcription factors PPARy and

C/EBPa.. The promoters for the genes of these factors contain C/EBP regulatory elements

and requite the expression of C/EBPP and C/EBPS. Once induced, PPARy and C/EBPa
act synergistically as pleiotropic transcriptional activators to further stimulate adipocyte
differentiation. PPARy and C/EBPa promote and maintain the expression of key adipogenic
genes for adipocyte function including insulin receptors, enzymes of fatty acid and TG

biosynthesis, GLUT4, and secreted hormones such as leptin and adiponectin '>'*1>!,

1.2.4 Dysfunction of AT in obesity

AT dysfunction is one of the early abnormalities in the development of obesity. It appears
to be an important mechanism in determining an individual’s risk of developing obesity-
related comorbidities **"**7'%, AT dysfunction may develop under conditions of continuous
positive energy balance in patients with an impaired ability to expand of AT stores "%,
The inability to store excess calories in healthy fat depots may represent a critical node in
ectopic fat accumulation *”'*%, As a result, several mechanisms are activated leading to AT
dysfunction, including adipocyte hypertrophy, AT hypoxia, mechanical stress from

interactions between enlarged adipocytes and the extracellular matrix, autophagy and

inflammation (Figure 5).
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Figure 5 | Adipose tissue dysfunction. A positive energy balance causes expanding fat mass by increasing
the average fat cell volume and the number of adipocytes. Potential mechanisms for the development of AT
dysfunction include impaired expandability of AT, ectopic fat accumulation, genetic factors, inflammatory
processes in AT, hypoxia, and others stresses such as ER, oxidative and metabolic stress. ER: endoplasmic

reticulum. Figure taken and adapted from Bluber M. (2009, 2013) 137,159

AT dysfunction is characterised by ectopic fat accumulation, an increased number of AT-
infiltrating immune cells, enlarged adipocytes and increased autophagy and apoptosis"”’.
Importantly, with the development of AT dysfunction, adipokine secretion is significantly

altered and shifts to a pro-inflammatory, atherogenic and diabetogenic pattern '*.

Impaired AT expandability leads to ectopic fat accumulation in liver and muscle, IR, and
metabolic disease. AT dysfunction and obesity-related comorbidities may be the
consequence of an impaired ability to store fat in healthy fat depots '*>'®*. Excessive energy
intake promotes fat accumulation in visceral fat depots and, subsequently, contributes to
hepatic and peripheral IR '**'*". SAT plays a protective role in other organs against ectopic

163

fat deposition ™. In several obese subjects, SAT expandability has been shown to be

163

impaired and the excess lipids are transported to other tissues **". However, unimpaired SAT

expandability may undetline the insulin sensitivity of the healthy obese phenotype '*. Fat
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16

expansion is dependent on angiogenesis °. Under conditions of impaired vascularisation

and angiogenesis, AT accumulation is inhibited "".

Despite having a positive energy balance, not all obese subjects have the same risk of
developing obesity-related comorbidities. Subjects with peripheral obesity (distributed
subcutaneously) have little or no risk of developing obesity-related complications, whereas
individuals with central obesity (fat accumulation in visceral depots) are much more prone

to these complications '

There is strong evidence for the adverse metabolic and cardiovascular effects of ectopic fat
accumulation ">, As noted in section 1.2.2.1. White Adjpose Tissue, the biology of visceral fat
is different from that of subcutaneous fat. VAT adipocytes have higher rates of fatty acid
turnover and lipolysis, and are less responsive to the anti-lipolytic effects of insulin than SAT,
resulting in greater release of free fatty acids from VAT into the circulation. VAT also
produce more 1L-6, an inflammatory cytokine that suppresses insulin responsiveness, but
less adiponectin and leptin than SAT. There is an association between increased visceral

adiposity and IR and inflammation in obesity """, VAT is characterised by increased

secretion of pro-inflammatory cytokines such as IL-6 and TNFa, and increased macrophage

infiltration 17112,

The correct development of AT depends on the balance between adipocyte hypertrophy and
hyperplasia '”. Adipocyte hypertrophy and hyperplasia are associated with intracellular
abnormalities in adipocyte function, particularly endoplasmic reticulum (ER) and
mitochondrial stress. These processes lead to increased release of adipokines, free fatty acids

and inflammatory mediators that cause adipocyte dysfunction and induce adverse effects in

the liver, pancreatic B-cells, skeletal muscle, heart and vasculature .

Hypertrophic adipocytes show significant changes in their cellular metabolism, inducing
hyperplasia, and adipogenesis is stimulated in AT in an attempt at metabolic repair. Impaired
adipogenesis in obesity has focused on adipogenic genes, the commitment of MSCs to the

adipogenic pathway and the final differentiation into mature adipocytes '>'*'"".

AT contain large and hypertrophic adipocytes that are IR, lose their ability to store TG and
have impaired energy expenditure. Fatty acids are released into the circulation and
accumulate in other organs, causing cellular stress and metabolic dysregulation, the hallmark

of chronic metabolic diseases (T2D, cardiovascular disease and NAFLD). Altered secretion
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of endocrine factors from hypertrophic AT contributes to pathological changes in other

organs '”.

Hypoxia in the expanding AT in obesity may be a pathogenic factor that causes stress and
an inflammatory response within the AT and subsequently leads to its dysfunction. Hypoxia
can induce both oxidative and ER stress '*'””. Hypoxia in the AT increases the expression
of pro-fibrotic genes leading to tissue fibrosis '*. In the fibrotic state, hypertrophic adipocyte
stress is increased, but also necrosis, which causes an increase in the infiltration of

macrophages and other immune cells '*'.

Impaired subcutaneous expandability, ectopic fat accumulation and adipocyte hypertrophy
may induce multiple forms of stress in AT. Obesity induces metabolic, inflammatory,
oxidative and ER stress in AT '**. AT responds to these stresses by activating stress-sensing
pathways, which may lead to cellular dysfunction and contribute to obesity-related
comorbidities *”'¥'*, Stress has been shown to be associated with increased immune cell

infiltration into the AT %,

Autophagy is a process by which intracellular components are targeted for lysosomal

0 Tt is

degradation through a highly regulated process of vesicle formation and fusion
induced in response to conditions of nutrient starvation to increase the release of amino
acids, fatty acids, and monosaccharides for energy. Defects in autophagy result in the inability
of the cell to synthesise proteins that are required for survival. This process may be a
compensatory mechanism in response to stress. Autophagy is important for cellular
housekeeping as it removes unnecessaty, damaged and/or harmful cellular products and

organelles '*.

Autophagy also contributes to carbohydrate and protein degradation and may be involved in

the regulation of lipid metabolism'®’

. Autophagy has also been shown to be involved in the
physiopathology of obesity and its comorbidities '*. In humans, autophagy is upregulated in
the AT of obese and/or T2D patients, predominantly in the VAT, and correlates with the

degree of obesity, visceral fat distribution, and adipocyte hypertrophy "*"*.

Activation of autophagy may be associated with the development of IR and may precede the
development of obesity-associated morbidities. Furthermore, autophagy may represent a
previously unrecognised protective mechanism against obesity-associated AT dysfunction,

ofr it may be a symptom of impaired AT function.
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Mechanisms such as adipocyte hypertrophy, nutrient excess, hypoxia and AT stress that
cause pro-inflammatory adipokine secretion may lead to the attraction of pro-inflammatory
immune cells to the AT and cause chronic, low-grade inflammation. In the majority of obese
patients, AT expansion is associated with the increased infiltration of pro-inflaimmatory

190

immune cells into the AT causing chronic low-grade inflammation Macrophage

infiltration into AT increases proportionally with increased BMI, body fat mass and

adipocyte hypertrophy and is a reversible process in obese patients who lose weight "%

In the initial stages, M2 macrophages promote tissular repair and angiogenesis of the AT,
with cytokine secretion, reducing hypoxia and cellular stress. It is the result of a balance
between pro- and anti-inflammatory signals, developing a healthy expansion '*'. As AT
expansion progresses, the adaptive response is not sufficient, involving persistent hypoxia
and fibrosis of the extracellular matrix, and secretion of pro-inflammatory cytokines, such as
I1.-6 and PAI-1 ">"* Necrotic adipocytes appear, and circulating macrophages aggregate and
form structures around them, changing their pro-inflammatory polarisation with secretion
of TNFa and 11.-6 ">, This process changes the phenotype of the immune response to a
pro-inflammatory state or type 1, which stimulates the infiltration of other cells of the
immune response, such as lymphocytes T natural killer, lymphocytes T regulators and

. 0519
activated macrophages "',

Therefore, macrophage infiltration into the AT may be the link between AT dysfunction and
systemic IR. An increased number of macrophages in the AT could also cause an increased
systemic concentration of pro-inflaimmatory cytokines ', such as 1L.-6, TNFa., PAI-1; and

acute phase proteins, such as C-Reactive Protein (CRP) and fibrinogen.

Chronic inflammation begins with a trigger, usually a stressor, that induces an acute adaptive
inflammatory response, which is considered a protective response to restore physiological
homeostasis '””. The initial trigger in obesity is a positive energy balance due to overnutrition,
which exerts its stressful effect on adipocytes in particular. Although the trigger for this
inflammatory state and the causal relationship between inflammation and obesity
complications are not fully understood, the degree of inflammation is directly correlated with

the severity of systemic IR *"'%,
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1.3 OBESITY AND COGNITION

As life expectancy has been increased '’ and the rates of obesity and metabolic syndrome

have risen *, neurological disorders have emerged as a significant global health concern .

1.3.1 Brain Domains

The cluster of neurocognitive disorders is characterised by the presence of cognitive deficits
that are the most prominent and defining features of a given condition. The neurocognitive
cluster is a heterogeneous group of disorders that occur across the lifespan. The Diagnostic
and Statistical Manual of Mental Disorders (DSM-5) provides a framework for the diagnosis
of neurocognitive disorders based on three syndromes: delirium, mild neurocognitive
disorder and major neurocognitive disorder. Each of these syndromes has a range of possible

aetiologies 201,

Typical approaches to characterising and classifying cognitive performance in clinical
neuropsychology refer to domains of cognitive function. Within each domain, there are
typically subdomains that refer to component ability processes within the larger constructs
2, 'The DSM-5 classifies neurocognitive disorders into six key domains of cognitive function,
which can help determine the aetiology and severity of the neurocognitive disorder.
Neurocognitive disorders can include impairments in one or more cognitive domains. These
domains are: i) perceptual-motor function; ii) language; iii) learning and memory; iv) social

cognition; v) complex attention; and vi) executive function *”' (Figure 6).

The origin of these domains has been linked to the areas of the brain where these processes
are thought to occur. Domains and subdomains may be involved in different

neurodegenerative diseases.
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[ Perceptual-motor function ] [ Language ]

Visual perception Object naming
Visuoconstructional Word finding
reasoning Fluency
Perceptual-motor Grammar and syntax
coordination Receptive language
[ Social cognition ] Complex attention ]
ogniti . _
Recognition of emotions | e Neuroc M Sustained attention
Theory of mind Domains Divided attention
Insight Selective attention
Processing speed
[ Executive function ] [ Learning and memory ]
Planning Free recall
Decision-making Cued recall
Working memory Recognition memory
Responding to feedback Semantic and autobiographical
Inhibition long-term memory
Flexibility Implicit learning

Figure 6 | Neurocognitive domains. The DSM-5 defines six key domains of cognitive function with the
respective subdomains. These included, Perceptual-Motor Function, Language, Complex Attention, Learning

and Memory, Executive Function, and Social Cognition. Figure taken and adapted from Sachdev P. S. (2014) 201

Delirium is characterised by attentional disturbances that make it difficult for the individual
to direct, maintain and shift their focus. In mild and major neurocognitive disorders, there is
a decline from a previous level of functioning in one or more of the key cognitive domains.
Attention may be impaired in these disorders but, unlike delirium, this is not the central
feature and awareness of the environment is generally maintained. Mild neurocognitive
disorder is a new framework for the commonly used diagnosis of mild cognitive impairment
(MCI), and major neurocognitive disorder is what was previously known as dementia. Both
disorders are categorical diagnostic constructs imposed on an underlying continuum of

cognitive impairment from normality to severe impairment *".

MCI is defined as the transitional stage between normal cognition and major cognitive

impairment 203204 MCI can remain stable or improve if the causes are reversible.
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The conversion rate from mild to major neurocognitive impairment has been estimated to
be between 3% and 13% per year *”. Conversion rates can vary depending on the nature of
the sample and the standards used for diagnosis, but tend to be higher compared with people
of similar age who do not have mild neurocognitive impairment. There are many types of
dementia, with AD being the most common, followed by vascular dementia. Frontotemporal
degeneration and dementias associated with brain injury, infection and alcohol abuse are less

206

common. There is a strong association between dementia and age “°. Dementia tends to

207

occur in people over the age of 65 years, when co-morbidity is common =", Episodic memory

and executive function deficits are strong predictors of conversion to AD 204,

Body fat has been positively associated with cognitive performance *”* and is associated with
relative deficits in executive function. Obesity is associated with broad deficits in executive
function compared with healthy weight individuals, including poorer cognitive flexibility,

209

inhibition and working memory “". Several studies have strengthened the association

8,21

between midlife obesity and an increased risk of dementia in later life ****'*?". Being obese

in midlife increased the risk of developing dementia in later life.

Learning and memory, executive function and attention were the neurocognitive domains
most vulnerable to impairment in the metabolically dysregulated population. Executive
function has also been shown to be the most robust cognitive domain susceptible to
impairment specifically in obese populations, while there is also evidence that memory and

attention may also be affected *'*.

A large battery of neuropsychological tests is now available to characterise cognitive

dysfunction across the neurocognitive domains (see section 3.1.3. Neuropsychological assessment).

1.3.1.1  Verbal learning and memory function

The cognitive domain of learning and memory is a complex structure with different
subcomponents that can be structured in different ways. When studying the neurobiological
substrates of memory, a distinction has been made between declarative and non-declarative

memory function *°.

Declarative memory includes episodic and semantic memory and refers to everyday memory

functions that rely on medial temporal lobe structures, including the hippocampus. This type
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of memory corresponds to explicit memories that are conscious and verbally communicable
P, Episodic memory refers to the ability to consciously recall personal episodes or
experiences and involves three steps: i) encoding, which describes the direction of cerebral
resources to process information via attentional mechanisms; ii) consolidation, which
involves the storage of this information in a form that will be mentally accessible in the
future; and iii) retrieval, which refers to the act of recalling such information. Semantic
memory refers to an individual’s acquired knowledge about things in the world, the content

of which is abstracted from experience and generalised without reference 216,

Non-declarative memory includes various subcomponents, the most prominent of which is
procedural memory or the formation of motor memories, which depend on the striatum,
cerebellum and cortical association areas *"°. Procedural memory is an unconscious type of

21 which also includes associative

memory based on the ability to acquire automatic skills
forms of learning (priming, habituation and learning of perceptual and cognitive routines).
Non-declarative memory is an implicit and non-verbal type of memory that is acquired

unconsciously *".

Another important dichotomy distinguishes memory subcomponents along a temporal
dimension of duration, short-term memory (STM) and long-term memory (LTM), which
depend on different neural substrates. Medial temporal lobe structures are responsible for
the establishment of new representations. STM is an essential component of cognition and
is defined as the maintenance of information over short periods of time (seconds). STM
involves the conscious maintenance of sensory stimuli over a short period of time, after
which they are no longer present. LTM refers to the mechanism by which acquired memories
become stable or strengthened over time and resistant to interference. LTM involves the
reactivation of past experiences that were not consciously available between the time of
encoding and retrieval. Two main components of LTM are described as declarative, episodic

and semantic memory *°.

Memory is tightly connected to time perception, attention and emotional valence of memory
contents, and brain circuits implicated with these functions are overlapping with areas
involved in processing of memory functions. Debates over the implication of attention
functions to memory and the role of parietal regions to retrieval of episodic memory.

Attention to memory model postulates that the dorsal parietal cortex mediates top-down
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attention processes guided by retrieval goals while ventral parietal cortex mediates automatic

bottom-up attention processes captured by retrieved memory outputs *.

Although there are many neuropsychological tests to assess learning and memory function,
in this thesis the California Verbal Learning Test II (CVLT-II) and the Rey-Osterrieth
Complex Figure (ROCF) were used. The CVLT-II is a test that assesses episodic verbal
learning and memory (#his method is excplained in the section 3.1.3.1. The California 1 erbal 1earning
Test II), whereas the ROCF assesses episodic visual learning and memory (#his method is

explained in the section 3.1.3.5. The Rey-Osterrieth Complex Figure Test).

Obesity is associated with poorer episodic memory as well as other memory parameters such
as visual working memory tasks. There are several mechanisms by which obesity may
adversely affect episodic memory performance, including morphological brain changes, IR,
neuroinflaimmation, TG, circulating glucocorticoid levels and cerebral metabolite
concentrations *'’. In a recent review from 2018, *' it was found that of the 14 studies, 10
found an inverse association between weight status and hippocampal volume, an indicator
of memory function. Higher BMI was negatively associated with memory function and
learning *'**"”. Improvements in indices of memory function have been found after bariatric

surgery *. Others have found no association ****,

Age-related cognitive decline in obesity causes atrophy of medial temporal lobe regions
involved in memory, such as the hippocampus. Loss of synapses in the hippocampus is

characteristic of neurodegenerative disorders 22,

1.3.1.2  Executive function and attention

Executive function refers to a constellation of cognitive abilities that enable and drive
adaptive, goal-oriented behaviour. These include the ability to generate thoughts and think
flexibility, to mentally update and manipulate information, to inhibit what is irrelevant to
current goals, to self-monitor, and to plan and adapt behaviour to the current context. Intact
executive function is critical to the ability to adapt to an ever-changing world, whereas deficits
in executive function led to disproportionate impairments in function and activities of daily
living. At anatomical level, executive function is a cognitive domain associated with the
frontal lobe structure of the brain, which relies on distributed neural networks including the

prefrontal cortex, patietal cortex, basal ganglia, thalamus and cerebellum **.
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From a clinical perspective, executive function can be divided into four components: i)
working memory is a limited capacity system that allows us to temporarily process, store and
manipulate information within conscious awareness; ii) inhibition of prepotent responses is
the ability to inhibit a predominant, automatic or previously learned response that may be
inappropriate or irrelevant in the current context; iii) mental set shifting reflects the ability to
modify attention and behaviour in response to changing circumstances and demands; and
iv) fluency represents the ability to maximise the production of verbal or visual information

in a given period of time, avoiding repetitive responses *****.

Working memory refers to the temporary, active maintenance and manipulation of stored
information necessary for its use it in a complex task of STM. There are two types of working
memory: verbal and non-verbal (visual-spatial). Working memory is crucial for making sense
of anything that unfolds over time, because it always involves keeping in mind what
happened eatlier and relating it to what comes later. It is important to note that working
memory is different from STM, which only involves holding information in mind. Working
memory relies on the dorsolateral prefrontal cortex, whereas holding information in mind
but not manipulating it does not require the involvement of the dorsolateral prefrontal

cortex. Working memory is highly dependent on top-down processing and selective attention

215,216,225

The components of executive function work together to enable planning and organisation,
which are higher order cognitive constructs that allow an individual to identify, prioritise and
appropriately sequence the individual steps required to achieve a goal in an adaptive and

efficient manner %%,

The neuropsychological tests used to assess executive function were the Trail Making Test
(TMT), the Digit Span Test (DST), the Stroop Colour and Word Test (SCWT) and the
ROCEF. The TMT is a test that assesses visual attention (#hzs method is explained in the section
3.1.34. The Trail Making Tes?), while the SCWT assesses inhibitory control (#his method is
explained in the section 3.1.3.3. The Stroop Colour and Word Test). The DST includes Forward,
which is a test that assesses STM, and Backward, which is a test that assesses working

memory (this method is explained in the section 3.1.3.2. The Digit Span Tes?).

Executive function is related to the control of food intake and has been studied in relation
to BMI **. BMI is associated with pathophysiological changes that negatively affect in

cognitive function. Obese individuals show poorer attention and executive function
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performance on measures that include tasks requiring response inhibition, working memory,

planning, and the ability to shift cognitive sets **'.

Cognitive performance appears to improve after bariatric surgery and weight loss. Patients
with bariatric surgery have better cognitive test performance on measures of memory and

executive function before surgery, predicting greater weight loss **'.

1.3.2 Brain — Adipose tissue axis

AT is controlled by an endocrine loop in which leptin acts on neural circuits in the
hypothalamus and elsewhere in the brain to regulate food intake and peripheral metabolism
%, Leptin increases the sympathetic efferent signal to the BAT ****" and it has been suggested
that leptin also activates sympathetic efferent signals to the WAT to increase lipolysis in the
WAT *'. It has not been established whether the increased lipolysis in WAT in response to
leptin is due to a circulating hormone such as notepinephrine and/or another mediator
released centrally or peripherally (adrenal gland or macrophages), or to specific efferent
neuronal inputs to WAT mediating central leptin action. The effect of leptin on energy
balance does not require the presence of an intact adrenal gland, suggesting that this organ

is unlikely to be the source of the lipolytic signal **.

Macrophages in AT account for 10% of SVF and local catecholamines produced by these
cells also contribute to lipolysis in WAT *****. The decrease in AT mass after leptin treatment
could be mediated by catecholamines or other mediators produced by neurons. Zheng and
colleagues demonstrated that catecholamines released at neuro-adipose junctions mediate
the lipolytic effect of leptin, establishing the effector mechanism underlying the reduction of
fat mass by leptin, and that local sympathetic activity in WAT is necessary for lipolytic effect
of leptin. In addition, B-adrenergic receptors constitute a signalling pathway responsible for
the lipolytic effect of leptin. The effect of presynaptic manipulations suggests direct

activation of sympathetic inputs to AT as a strategy for induce fat loss *'.

Group 2 innate lymphoid cells (ILC2) contribute to VAT metabolism via type 2 innate
cytokine and Met-Enkephalin. The nervous system and ILC2 cooperate to control adipose
physiology via higher order brain-body interfaces. Neural circuits and immune cells
cooperate to drive inter-organ communications to understand organismal physiology and

systemic diseases *°.
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Among the most critical functions of the brain is its role in homeostasis, the maintenance of
conditions within the internal milieu that support optimal cellular function and life itself.
There is a complex relationship between the maintenance of homeostasis and the defence of
core body temperature. The preoptic area of the hypothalamus is the primary integrative site
in the brain for thermoregulation, in close proximity to hypothalamic regions involved in the

regulation of homeostatic variables and associated motivated behaviours 236,

There is increasing awareness that peripheral tissues modulate brain function, shaping
different cognitive domains. The ageing brain is vulnerable to inflammation due to the high
prevalence of age-related cognitive decline. Circulating pro-inflammatory factors may
promote cognitive decline. In ageing mice, myeloid cell bioenergetics is suppressed in
response to increased signalling by the lipid messenger prostaglandin E2 (PGEZ2), which is a
modulator of inflammation. In ageing macrophages, PGE2 signalling through its receptor
promotes glucose sequestration into glycogen, reducing glucose flux and mitochondrial
respiration. Cognitive ageing can be reversed by reprograming myeloid glucose metabolism

to restore immune functions 2.

Energy balance and metabolic communication between the gastrointestinal tract and the

brain is mediated by the vagus nerve. Neurons in the hippocampus, a brain region associated

238
>

with learning and memory control and feeding behaviour are activated by direct

stimulation of the vagus nerve and by vagally mediated gastrointestinal signals ****.
Furthermore, rats with hippocampal lesions are impaired in the use of interoceptive hunger
and satiety to control learned anticipatory appetite outcomes **', suggesting that the
hippocampus functionally integrates gastrointestinal cues relevant to energy balance.
Gastrointestinal-derived vagal sensory signalling endogenously promotes hippocampal-
dependent learning and memory function in rats. Non-selective and sensory selective ablative

methods of gastrointestinal vagal disconnection impaired hippocampal-dependent memory

processes, including spatial working memory and contextual episodic memory ***.

Food restriction rapidly depletes glycogen stores and induces lipolysis, altering body lipid

243

levels *, and hypothalamic neurons have been shown to control peripheral lipid metabolism

2425 and complex behaviours beyond feeding ***. In rodents, depletion of liver glycogen
content reduces blood glucose levels and induces liver lipolysis and lipid secretion into the

blood .
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1.3.3 Cognitive impairment

Obesity is detrimental to cognitive impairment and has an impact on dementia “***.

Cognitive impairment and dementia are influencing the lives of older people, with the burden

156,249,25(

of the ageing population growing rapidly . By 2050, there will be three times as many

people with dementia as in 2015 **. Evidence suggests that risk factor modification can

prevent 30 — 35% of dementia cases .

The effect of obesity on cognition may be age-dependent and change over time. Obesity
would be associated with poorer performance and greater cognitive decline, which would be
attenuated by older age. Greater abdominal obesity, measured by WHR, was associated with
poorer cognitive performance and decline at ages below 65 years. Processing speed and
executive function were the domains most associated with abdominal obesity, with effects
on performance on tasks of attention, intelligence, memory, cognitive flexibility, processing

speed and general executive function *"*!.

Specific fat components are associated with different metabolic profiles and have different

effects on cognitive impairment and dementia "

. The relationship between adiposity and
cognition may depend on the anthropometric measure of adiposity. Although BMI may be
a good measure of adiposity in midlife, it is not an ideal measure in older people because of
the concurrent loss of lean body mass and increase in AT in the absence of age-related weight
change. Waist circumference and WHR are more reliable measures of adiposity in older

people and of abdominal adiposity, which is detrimental to cognition *.

A number of clinical conditions are characterized by impairments in brain function,

252,253

particularly memory and cognitive ability . Recent studies have shown that obesity

254,255

exacerbates the progression of neurodegenerative disorders . Several mechanisms

associated with obesity have been implicated in neurodegeneration, including altered lipid

and fatty acid metabolism *%*’

, ceramide dysregulation leading to IR and impaired cognitive
function **, as well as mechanisms related to oxidant stress. Although there are certainly
differences between the mechanisms by which different neurodegenerative diseases progress,
there is some overlap between these disease pathways and those underlying obesity, such as

those related to oxidative stress, mitochondrial dysfunction and increased inflammation.

AT secretes hormones, cytokines and growth factors that can cross Blood-Brain Barrier

(BBB) and affect brain health *’. Neurons express receptors for several adipokines,
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suggesting that factors released from AT have the potential to communicate directly with the

%, Factors released from AT may interact with blood vessels and contribute to

brain
disruption of homeostasis *’. The increase in inflammatory cytokines, CRP and 1L-6,
associated with obesity can damage the CNS and affect cognitive function. This metabolic
dysfunction can lead to neuronal death and altered synaptic plasticity of neurons, increasing

20129 Tnflammation predicts poorer performance on

the risk of neurodegenerative disorders
tests of memory and executive function, which correlates with BMI. Associations between

BMI and cognitive function are mediated by inflammatory markers, IL.-6 and CRP *".

Deposition of VAT induces systemic inflammation and promotes the development of
metabolic complications in obesity '****. The inflammatory VAT microenvironment leads to
the formation of inflaimmasome complexes that amplify innate immune responses in AT
2652 The Nucleotide oligometization domain (NOD) like receptor family, pyrin domain-
containing 3 (NLRP3) is a component of the inflammasome complex, and NLRP3 induction

in VAT promotes synthesis and release of the pro-inflammatory cytokine IL-1f in obesity

266

. NLRP3 knock-out mice develop obesity but are protected against High Fat Diet (HFD)-

induced AT inflammation and IR *%*%

and are protected against cognitive deficits in aged
mice and AD *"*. Activation of the NLRP3 inflammasome in VAT impairs cognitive in
obesity. These effects were mediated by activation of IL-1R1 in C-X-C motif chemokine
receptor 1 (CXCR1)-expressing cells, which detect and amplify IL-1f in the brain. Exposure

to IL-1P, as seen in chronic inflammatory diseases, impairs synaptic plasticity and cognition

in the hippocampus **.

Unlike visceral fat, which contains a homogeneous population of white adipocytes,
subcutaneous fat contains both white and beige adipocytes, which use energy in a manner
analogous to brown fat *"’. Beige adipocytes continuously interact with immune cells, and
the acquisition of thermogenic features (bezging) requires induction of the anti-inflammatory

271,272

cytokine IL.-4 by leukocytes in SA . Beige adipocytes are essential for the
neuroprotective and anti-inflammatory effects of SAT fat and implicate beige fat-stimulated
IL-4 production in communication between SAT and CNS. Mice lacking beige adipocytes
exhibited stronger pro-inflaimmatory responses to a HFD in the brain and periphery, and

were more susceptible to cognitive deficits and hippocampal synaptic dysfunction *”.

Metabolic dysfunction, and IR in particular, is known to have detrimental effects on the brain

vasculature, inflammatory processes and mitochondrial function, among others, which may
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alter cognition. In the brain, mitochondrial dysfunction leading to increased reactive oxygen
species (ROS) has been linked to eatly brain ageing *™*. Insulin is known to exert protective
effects against oxidative stress in the brain, and thus central IR can act in concert with

mitochondtial dysfunction to promote cognitive decline *”.

IR also plays a role in the pathophysiology of neurodegenerative diseases, such as AD. In
particular, in AD, IR increases brain amyloidosis and alters clearance of amyloid beta, which

can have direct effects on memory *’°

. Animal models show that insulin binding sites are
highly concentrated in the hippocampus, and thus impaired insulin signalling in this region

may directly affect learning and memory, independent of its role in AD pathology *”".

Oxidative stress in adipocytes attributable to Na- and K-dependent adenosine triphosphatase
(Na,K-ATPase) signalling, a previously known ion-pumping activity of this complex *"*>*.
Signalling through this Na,KK-ATPase pathway requires phosphorylation of Src ****, Na,K-
ATPase is stimulated by oxidative stress and leads to the generation of ROS. This pathway
has been characterised as the Na,K-ATPase oxidant amplification loop (NKAL). The
synthetic peptide NaKtide abolishes the NKAL by preventing phosphorylation of Src *.
Genetically modified mice engineered to release the NaKtide peptide in adipocytes resulted

in improved hippocampal memory by inhibiting Na,IKK-ATPase signalling in adipocytes **.
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1.4 OBESITY AND ENVIRONMENT

1.4.1 Global warming

285

Climate change is a real global phenomenon “*. Nowadays, climate change is changing and

will continue for the next decades **¢

and is the greatest global health threat of the 21* century
7. Global warming defines current climate change. The term global warming refers to an
aspect of climate change characterised by a gradual increase in the Earth’s average surface

temperature, mainly due to the burning of fossil fuels that increase greenhouse gases *>'”.

Natural greenhouse warming is primarily enhanced by water vapour, which plays a crucial
role in keeping the Earth’s surface temperature at a level that is habitable for humans, around
15°C. Human activities, particularly the burning of fossil fuels, have disrupted the Earth’s
natural greenhouse. Atmospheric carbon dioxide levels have increased by more than a third
since the industrial revolution ****, Excessive levels of carbon dioxide, methane and nitrous
oxide increase the greenhouse effect, trapping heat and causing the Earth’s surface
temperature to rise "?¥. One of the goals of the United Nations is to stabilise greenhouse
gas concentrations in the atmosphere at a level that would prevent dangerous anthropogenic

interference with the climate system >

As a result of climate change, outdoor temperatures are likely to increase, reducing the need

for heating in winter and increasing the need for cooling in summer *'

. As temperatures rise,
more water vapour evaporates from the oceans and other water sources into the atmosphere,
causing temperatures to rise further. The Earth’s surface temperature has risen by 0.6 — 0.9
°C, and climate models predict a further increase of around 2 — 6 °C by the end of the 21*
century (Figure 7) if we continue to burn more fossil fuels and accumulate greenhouse gases
in the Earth’s atmosphere . Climate change is likely to exacerbate differences in runoff
between wet and dry regions *>. Among these regions, the Mediterranean basin appears to

be particularly vulnerable, with both temperature and drought events are expected to increase

further by the end of the century *”.
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Figure 7 | Map of average annual temperatures predicted by the end of the century (2080 —2099). The
map indicates the increase in the average annual temperature (°C) of the Earth by the end of the century. Figure

taken and adapted from Climate Impact Lab (2022) 294

The consequences of global warming include variable weather, heat waves, heavy
precipitation events, floods, droughts, more intense storms, sea level rise and air pollution **.
Warming is expected to be associated with changes in precipitation, which can affect water
supply for humans, agriculture and ecosystems *”. As the Earth’s climate warms, hotter days
and nights and heat waves are becoming more frequent and intense. Global warming is
pushing the climate temperature curve towards extremes. The number of heat waves has

tripled and their duration has increased .

Climate change will lead to a range of harmful impacts in different regions and sectors, some
of which will occur immediately in association with warming, while others will build up under
sustained warming due to the time lags of the processes involved *. Urbanisation and mean
annual temperature show regional differences *°. Nowadays, around 55% of the world’s
population lives in urban areas, and the urban population is expected to increase to as much
as 68% *”. In Spain, around 82% of the population lives in urban areas. Urban areas are an
important driver of economic growth, innovation and wealth creation, but have also brought
with them a number of negative health effects related to environmental exposures such as

air pollution, noise, and lack of green spaces **.
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Characterisation of the exposure to ambient temperature in urban areas typically relies on
observations from the nearest meteorological station, although gridded data from climate
models can be used to examine local or small-scale mortality effects in large cities or
metropolitan areas *”. Large urban areas are warmer than surrounding rural areas because of
loss of vegetation, more pavement and buildings absorbing the sun’s energy, reduced airflow
in alleyways, and heat generated by vehicles, air conditioners, and factories. Daytime
temperatures in cities are higher than in rural areas, and the night-time temperature difference
is greater because of the heat retained from the day. Cities are vulnerable to heat waves, often

associated with air pollution ',

Global warming has serious implications for food, water supplies, housing, economic activity
and human health '”. As a result of global warming, the wotld’s population is increasingly
exposed to moderate and extreme warm temperatures and less to moderate extreme cold

30(

temperatures, with serious implications for various health outcomes *". The relationship
between weather and human health is heterogeneous, with associations varying by geography
and by the point at which both cold- and heat-related risks increase for different diseases,

cardiovascular-related mortality and all-cause mortality *°.

Climate change is expected to affect human health directly by increasing exposure to extreme
temperatures, and indirectly through a variety of pathways including sea level rise, extreme
weather events, migration, and changes in agricultural leading to rural poverty **"*"!. Warmer
conditions are expected to contribute to an increase in heat-related morbidity and mortality
and a concomitant decrease in cold-related hospitalisations and deaths worldwide **. These
exposures are projected to increase in frequency and magnitude as the world continues to

warm in response to greenhouse gas emissions.

Climate change, particularly rising temperatures and more frequent and prolonged heat
waves, is causing injuries, illnesses, and deaths, and the risks are projected to increase with
further climate change, threatening the health of many millions of people unless investments

in adaptation and mitigation is scaled up rapidly *>*”.

According to the most recent Global Burden Disease study, ambient air pollution is the
leading environmental risk factor for mortality and morbidity worldwide. They estimated that
air pollution caused 4.2 million deaths (7.6% of total global mortality) and 103.1 million
DALY (4.2% of global DALYs) in 2015 **. Air pollution in adults is been associated with
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adverse respiratory and cardiovascular diseases, reduced lung function, premature mortality,

cancer and diabetes, and also obesity **".

In ageing societies such as Europe, the growing elderly population is expected to increase
vulnerability to high ambient temperatures, as the elderly have a reduced psychological
capacity to regulate core body temperature under conditions of heat stress *’. According to
the WHO, climate change is expected to cause an additional 250,000 deaths per year between
2030 and 2050, 38,000 of which will be due to heat exposure in older people. Prolonged
exposure to heat could also lead to additional illness and death by exacerbating pre-existing

chronic conditions such as various cardiovascular and neurological diseases 28,

Even when high ambient temperatures are associated with morbidity and mortality, this
association is based on the use of outdoor meteorological data as a proxy for individual
exposure, with measurements taken at long distances from actual indoor exposure .
However, there is strong evidence of an association between high ambient temperatures and

outdoor meteorological data to general morbidity and mortality **°.

In 2019, the Eat and Transition (EAT) Lancet Commission published a report on the
definition of a heathy diet from sustainable food systems and what actions can support and
accelerate the transformation of food systems in the current era and geological epoch. This
report summarises that 820 million people do not have enough or good quality food,
contributing to the rising incidence of diet-related obesity. Food production is one of the
largest drivers of global environmental change, contributing to climate change, biodiversity
loss, freshwater use, disruption of global nitrogen and phosphorus cycles, land system change

and chemical pollution ****",

Climate change leads to changes in temperature and precipitation, which are expected to
reduce global crop productivity, cause changes in food production and consumption, and
affect the health of the global population by altering diet composition and the profile of diet-
and weight-related risk factors and associated mortality. The impact on food supply and food
security could be a consequence of climate change, given the large number of people who
could be affected *". Climate change could reduce the protein and micronutrient content of
plant-based foods, increasing the price of basic food and leading to an increase in nutrient

deficiencies and chronic malnutrition among the most vulnerable populations **.
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The food system is responsible for more than a quarter of greenhouse gas emissions, up to
80% of which are linked to livestock production. The choices we make about the food we
eat affect our health and have a major impact on the state of the environment. Our overall
dietary choices therefore have major impact on climate change. Changing our diets may be a
more effective option to avoid climate change and may be essential to avoid negative
environmental impacts such as large-scale agricultural expansion and global warming of more

than 2 °C 211,

1.4.2 Obesity and environment temperatures

The obesity pandemic is one element of a global syndemic, which also includes malnutrition
and climate change *". Syndemics are two or more diseases with three characteristics: i) they
co-occur in time and place; ii) they interact at biological, psychological or social levels; and
iii) they share common underlying societal drivers. Although the syndemic concept was
originally used to describe the interaction of two or more diseases at the individual level, it
provides a useful construct with which to consider the interaction of two or more pandemics,

in this case obesity, malnutrition and climate change.

With climate change being accorded pandemic status because of its projected impact on
human health. Malnutrition in all its forms, including obesity, undernutrition, and diet-related
risks for non-communicable diseases, is already by far the largest cause of health loss
worldwide. The increasing health impacts of climate change in the future mean that global

syndemics will remain the leading cause of poor health worldwide.

A recent systematic review on the relationship between global warming and the obesity
epidemic, which included 50 studies published in or after 2002, attempted to find answers to
the questions of whether global warming and the obesity epidemic share common
determinants, where one influences the other and/or each other, and what pathways would
underlie such a relationship . The authors of this review constructed a conceptual model

linking global warming and the obesity epidemic ****2,

Thus, inside this review at least 13 studies have postulated that the obesity epidemic is

influenced by global warming **.
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1.4.2.1  Human thermoregulation

Humans are endothermic homeotherms, we generate our own body heat and have the ability
to regulate body temperature. Body temperature is influenced by the environment, internal
mechanisms (homeostasis) and behavioural adaptations. Humans have thermoregulatory
mechanisms that adapt to environmental changes to maintain a normal core body
temperature, which is critical for the maintenance of physiological functions such as energy

3 The thermal environment influences eneroy expenditure and intake in mammals
b

balance
where an optimal temperature must be maintained consistently. Metabolic heat production
is regulated in response to environmental temperature fluctuations, known as adaptive
thermogenesis *'*. This specialised form of thermoregulation means that the control of body

temperature accounts for a large proportion of the energy expended by endotherms when

the environmental temperature deviates from the thermoneutral zone.

The thermoneutral zone is defined as a homogeneous range of comfortable ambient
temperatures, 20.3 — 23 °C for clothed humans, at which metabolic rates are minimal *"> and
no physiological processes need to be initiated to maintain thermal homeostasis *'. A
reduction in air temperature from 22 °C to 16 °C causes a graded increase in energy
expenditure in clothed humans. This additional energy is used to maintain thermal
homeostasis through acute shivering and tissue heat production. The extra energy expended
at temperatures below the thermoneutral zone may be offset by a compensatory increase in

appetite and caloric intake. This food intake contributes to heat production.

Adaptive thermogenic responses, which refers to the generation of heat for homeostatic
purposes, result in increased energy expenditure through shivering and non-shivering
thermogenesis. Shivering is an acute response to cold exposure that generates heat through
involuntary contraction of skeletal muscle fibres. During mild cold exposure, shivering is
rapidly reduced by adaptation, although the metabolic increases associated with cold
exposure are not reduced, demonstrating that non-shivering thermogenic processes are
present in humans. Non-shivering adaptive thermogenesis defends body temperature by
generating heat in tissues and is initiated in response to feeding *"’. Thermogenesis plays a
role in energy balance. Energy expenditure in humans is negatively associated with the
thermal environment over a range of ambient temperatures that includes exposure to daily
life temperatures °". Non-shivering thermogenesis is mediated by BAT, in which energy is

released as heat through the action of UCP1 in mitochondria. In addition to its function in
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preventing hypothermia, brown fat has also been implicated as a defence against obesity and

316

diabetes *"°. Changes in ambient temperature could alter a population’s risk of obesity *.

Climate change and the associated warming trend observed in many areas may affect
endotherms. Some endotherms may be so thermally specialised that their only option is to
increase energy expenditure to maintain a constant body temperature as the environmental
temperature increasingly deviates from the animal’s thermoneutral zone, reducing the energy

available for other basic functions, such as growth and reproduction *'*.

Global warming is a public health challenge and there are bidirectional influences on obesity
and global warming **. Obesogenic food environments are associated with the thermal
comfort of Western lifestyles, which may override the natural tendency to reduce food intake
in warmer conditions ** . Obesity may be promoted by impaired thermogenesis and reduced

expression of thermogenesis-related genes **.

Studies in controlled environments have shown that human energy expenditure increases in
response to mild cold exposure, and there appears to be a graded relationship between energy

expenditure and ambient temperature >,

There is an association between increased time spent in thermal comfort and increased

adiposity in the population °".

Increased exposure to thermoneutral conditions and
associated reduced exposure to mild seasonal cold as part of Western lifestyle may contribute
to weight gain . In addition, increased time spent in thermoneutral conditions may lead to
loss of BAT and reduced thermogenic capacity, reducing the frequency and/or duration of

occasions on which cold-induced energy expenditure is initiated **.

1.4.2.2  How cold temperature environment affect to obesity

The mechanisms of human responses to cold are of great interest due to the role of BAT in
human thermogenesis >"’. Low ambient temperatures can affect the body’s ability to maintain
energy balance by increasing the capacity for thermogenesis *”*’. Cold is an environmental

316

signal that activates thermogenesis in vivo *°. As thermogenic capacity is stimulated by cold

exposure, an increase in time spent in thermal comfort leads to reduced thermogenic capacity

and loss of BAT 3,

52



INTRODUCTION

Cold exposure is a potent inducer of beige adipocytes recruitment. Acute and chronic cold
exposure can induce browning *". Cold is first perceived by sensory nerves in peripheral
tissues. This information is then received and processed in the hypothalamus, which controls
the activity of the SNS, leading to the release of norepinephrine into brown and beige fat
cells. Norepinephrine acts through G protein-coupled B-adrenergic receptors on adipocytes
to activate the cAMP/PKA response element-binding protein signalling cascade, which

controls transcription of the thermogenic gene program .

Energy expenditure in humans is negatively related to the thermal environment *'%; at lower
temperatures, energy expenditure increases to maintain body temperature *'. Exposure to
cold is a natural afferent signal for BAT. Association between BAT activity and favourable
metabolic profile, and BAT mass and activity associated with BMI, activation of BAT by
increasing time spent in cold environment could prevent obesity and its metabolic
comortbidities *"°. It has been shown how areas with moderate or cold temperatures have a
protective effect against external causes associated with metabolic diseases *'. The presence
of BAT in adults has reignited the hypothesis that the thermogenic potential of BAT could
increase energy expenditure and have an anti-obesity effect. Higher exposure to colder

outdoor temperatures could be associated with lower prevalence of obesity *'°.

1.4.2.3  How warm temperature environment affect to obesity

As heat waves become more frequent, severe and longer, and cold and frost less frequent,
more heat-related illnesses and deaths are expected, especially among children, the elderly,

people with chronic health conditions, and poor or underserved communities *"°.

Environmental influences such as increases in ambient temperature associated with climate
change and global warming, together with transport, thermal insulation of buildings and
individuals, have reduced the need for people to generate energy by inducing thermogenesis
’2 Increased environmental temperature has been associated with an increased prevalence
of obesity and alterations in glucose metabolism *'**"*. As atmospheric temperatures increase,
adaptive thermogenesis is expected to be reduced in people with obesity through a reduction
in physical activity **.

Heat stress due to global warming could increase the incidence of neurodegenerative

diseases. Stress could induce apoptotic pathways and autophagy in neurons, which could
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expose susceptible cells to neurodegeneration. Molecular mechanisms activated by heat play
a role in the deterioration of functionality in people suffering from neurodegenerative
diseases or in the elderly, whose thermoregulatory outcomes are compromised and play a

role in the onset of these diseases **.

The impact of climate change on mental health is increasingly recognised, with exposure to
flooding and other extreme events increasing the risk of depression and anxiety, which may

disproportionately affect people with pre-existing mental health problems .
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HYPOTHESIS

1. Genes in AT have a bidirectional interaction in the cognitive performance of

middle-age obese subjects

Obesity is a chronic multifactorial disease associated with an abnormal accumulation of
dysfunctional AT and has been associated to cognitive dysfunction. Cognitive decline is a
major health problem exacerbated by metabolic diseases such as obesity, particulatly in
morbid obesity. We hypothesise that there is a bidirectional interaction between AT and

brain function, which would be more pronounced in subjects with morbid obesity.

2. Cognitive function in animal models is influenced by the expression of genes

in the AT

Cognition has been extensively studied in animal models such as mice or Drosophila
melanogaster, as well as in animal models of obesity. We hypothesise that cognition is possibly

influenced by the expression of genes in AT, demonstrating a bidirectional interaction.

3. Subjects from colder regions have increased expression of browning markers

in WAT and consequently improved insulin sensitivity and AT function.

The actiology of obesity is multifactorial, including environmental factors. Nowadays,
environmental factors are changing due to global warming which is increasing the
temperature of the Earth. Browning of WAT is an important process in the physiology of AT,
which is enhanced in colder environment. We hypothesise a relationship of environmental

temperatures with the expression of genes in AT.
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3. OBJECTIVES






OBJECTIVES

1. To assess the associations involved in the bidirectional interactions between

AT gene expression and cognitive function

1.1.  To analyse the relationship between cognitive tests and the whole genome
expression of genes in AT from morbidly obese subjects through Ribonucleic

Acid sequencing (RNA-seq) and to validate the results in an independent cohort

1.2. To analyse the expression level of several genes in peripheral blood mononuclear

cells (PBMCs) in association with cognitive traits in humans

2. To assess the cognitive function in animal models with targeted changes in

gene expression in AT

2.1.  To analyse the cognition of Drosophila melanogaster, in which some candidate genes

has been altered in the fat body

2.2.  To analyse the memory of mice with a targeted down-regulation of a candidate

gene in AT

3. To examine the effects of outdoor temperature on obese subjects in a large

multicentre cohort with participants from different Spanish regions

3.1.  To analyse the potential associations of metabolic parameters and markers of AT

physiology in a cohort of subjects with and without obesity
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