UAB

Universitat Autonoma de Barcelona

Impacte d'un tractament dietétic i de I'exercici fisic sobre parametres biometrics, metabolics i
conductuals en un model d'obesitat induida per dieta de cafeteria en rates mascle i femella

Adam Alvarez Monell

ADVERTIMENT. L’accés als continguts d’aquesta tesi queda condicionat a I'acceptacié de les condicions d’us
establertes per la seglent llicencia Creative Commons: @ @G| https://creativecommons.org/licenses/?lang=ca

ADVERTENCIA. El acceso a los contenidos de esta tesis queda condicionado a la aceptacién de las condiciones de

uso establecidas por la siguiente licencia Creative Commons: @@@@ https://creativecommons.org/licenses/?

lang=es

WARNING. The access to the contents of this doctoral thesis it is limited to the acceptance of the use conditions set

by the following Creative Commons license: @@@@ https://creativecommons.org/licenses/?lang=en




UNRB

Universitat Auténoma v
de Barcelona 52 INc
L. A
=
N

)BCH

Institut de
Y Neurociéncies

Departament de Biologia Cel-lular, Fisiologia i Immunologia
Institut de Neurociéncies
Universitat Autonoma de Barcelona

Impacte d'un tractament dietétic i de 1'exercici fisic
sobre parametres biometrics, metabolics i conductuals
en un model d'obesitat induida per dieta de cafeteria
en rates mascle i femella

Adam Alvarez Monell

Tesi doctoral

Doctorat en Neurociéncies

Dirigida per:
Dra. Montserrat Solanas Garcia

Dra. Rosa Maria Escorihuela Agullo
Juny de 2023



Finangcament

Aquesta tesi doctoral ha estat realitzada en el marc del projecte concedit a les
Dra. Rosa Maria Escorihuela i Dra. Montserrat Solanas titulat “RESISTENCIA A
LOS SABORES DULCES EN LA OBESIDAD: RECUPERACION MEDIANTE
EJERCICIO FISICO Y TRATAMIENTO DIETETICO” amb referéncia PSI2016-
77234-R.

El doctorand Adam Alvarez ha estat financat amb un contracte de Personal

Investigador en Formaci6 (PIF-2018).

Els dos trebals publicats que formen part d’aquesta tesi son:

Alvarez-Monell A, Subias-Gusils A, Mariné-Casadd R, Belda X, Gagliano H,
Pozo OJ, Boqué N, Caimari A, Armario A, Solanas M, Escorihuela RM. Restricted
cafeteria feeding and treadmill exercise improved body composition, metabolic
profile and exploratory behavior in obese male rats. Sci Rep. 2022;12(1):19545.
doi:10.1038/s41598-022-23464-7

Alvarez-Monell A, Subias-Gusils A, Mariné-Casadd R, Boqué N, Caimari A,
Solanas M, Escorihuela RM. Impact of Calorie-Restricted Cafeteria Diet and
Treadmill Exercise on Sweet Taste in Diet-Induced Obese Female and Male Rats.
Nutrients. 2022;15(1):144. doi:10.3390/nu15010144



Agraiments

B¢, al final hem arribat i ja esta la tesi escrita, primer he d’agrair a la familia, tant
a la mama, Fina, al papa, Joan i germa, Damia, i a la resta de la familia, que sén
masses per nombrar-los un a un. Per donar sempre suport incondicional, encara que

no s’entengui massa de que va aix0 de fer una tesi.

Després, a les meves directores, Rosa i Montse, per haver-me donat aquesta
oportunitat de fer recerca, per guiar i aconsellar sempre estupendament, i per tot el
coneixement transmes, pensava que sabia el que em feia abans de comengar i resulta

que encara em faltava molt. Moltes gracies.

Seguint a la UAB també s’ha d’agrair a molta gent més, comengant pel Dr.
Antonio Armario, 'Humberto i el Xavi, vaig aprendre moltissim aquells mesos a la
unitat fent RIAs sense parar. També agrair a tots els professors i tot el personal la

unitat de Fisiologia Medica i també de Psicologia Medica.

Per tota l’ajuda en el treball de camp , preparant dietes, fent tandes de treadmill,
i fent conducta a I'estabulari, a totes les estudiants del master que han passat pel

grup a fer el TFM, I'Eva, la Sandra, la Nuria, la Xisca, la Cris, I'Eva i el Gonzalo.

I a tota la gent de Psico, Dani, Toni, Carles, Anastasia, Aida, Ignasi, Paula,
Bernat, Juan, Daniel i Daniela, per tots els dinars durant anys (excepte quan estavem
tancats a I'estabulari) i per totes les cervesetes divendres a les tardes i els dinars de
tant en tant, un grup genial i no se si estariem aqui sense aquest grup. I la mencio6
ben especial a I’Alex, company de tesi, company a l'estabulari, company de pis
durant un temps i tot, pels bons moments entre fer dietes i tota la feinada que vam

arribar a fer tancats a l'estabulari, gracies!!

I parlant de I’estabulari, també s’ha d’agrair a tot el personal de l'estabulari de
Mundet, uns cracks tots solucionant tots els problemes que teniem amb les rates, en
especial a la Laia, pero també a la resta, Carla, Aina i David.

I per acabar sortim del mon de la tesi, als amics, constancia estant sempre alla,
aguantant les queixes de la tesi i per les bones converses i sopars casi semanals,

Sergi i Pau; i al Jordi també.



Resum

La prevalenca de l'obesitat ha augmentat a nivell mundial en les ultimes
decades, i varis estudis predictius indiquen que aquesta tendencia es mantindra en
el futur fins al punt que la mitat de la poblaci6 es podra considerar obesa d’aqui
unes decades. Aquest augment de I’obesitat va acompanyat d’'un augment de varies
malalties associades al fenotip obes, com la Diabetis Mellitus tipus II, les malalties
cardiovasculars o el desenvolupament d’alguns trastorns psiquiatrics com ara la
depressio o I'ansietat. L’augment de I’obesitat pot ser deguda a canvis en I’ambient,
pel subministrament i la facilitat d’accés a aliments caloricament densos, saborosos
i economicament assequibles i també per la disminucié globalitzada en els nivells
d’exercici fisic que fan les persones. Les estrategies cliniques més emprades per
tractar 1’obesitat s’encaren a pal-liar els seus efectes sobre el metabolisme i a reduir
el risc de Sindrome Metabolica, aquestes estrategies es basen majoritariament en
generar un deficit energetic que es pot aconseguir a través de cirurgies bariatriques,

intervencions dietetiques i/o exercici fisic.

En aquesta tesi hem estudiat els efectes d'una dieta obesogenica, la dieta de
cafeteria (CAF) en rates mascle i femella de la soca Long-Evans sobre el metabolisme
i varis parametres conductuals, com ara la conducta exploratoria, 1l'activitat
locomotora basal circadiaria, a més d’altres conductes associades al gust dolg, com
la conducta apetitiva, la conducta hedonica i la palatabilitat percebuda dels animals.
Un altre dels objectius és estudiar els efectes que té en animals amb obesitat induida
amb dieta CAF, una intervencio dietética a base d’una dieta de cafeteria modificada
en que es restringeixen les calories administrades en un 30% (CAFR) i una

intervencid d’exercici fisic al tapis rodant.

Els resultats indiquen que la dieta CAF administrada ad libitum durant 8
setmanes indueix un augment de pes significatiu en ambdods sexes.
Addicionalment, aquest efecte va acompanyat d’altres alteracions que es poden
associar al desenvolupament de Sindrome Metabolica, com ara un augment en la
resistencia a la insulina, una desregulacié del perfil lipidic i un increment en
I'adipositat abdominal. L’alimentacié CAF indueix alteracions conductuals que
també es poden associar al perfil obes, com una disminucio en I’activitat locomotora
basal, detectada en mascles, i una disminucié en la conducta apetitiva, detectada en

ambdos sexes i que pot ser indicativa del desenvolupament d'un perfil depressiu



associat a 1'obesitat. L’alimentacié CAFR en animals obesos corregeix parcialment
els efectes de la dieta CAF, de manera que, en femelles, I'alimentaci6 CAFR
reverteix parcialment la resistencia a la insulina, les alteracions en el perfil lipidic i
la conducta apetitiva; mentre que els efectes en mascles séon menors que en femelles.
Globalment, I'exercici fisic té uns efectes més modestos que la intervencio amb dieta
CAFR en els animals amb obesitat induida per dieta CAF. Altres efectes de 1'exercici
son més especifics i requeriran de futurs estudis, com ara 'augment dels nivells de
leptina i de la conducta exploratoria en els mascles alimentats amb dieta CAF, o la

disminucio6 de la conducta apetitiva en les femelles alimentades amb dieta CAF.



Abstract

Obesity prevalence has increased world-wide in the last decades, and several
predictive studies point towards this tendency being maintained in the future to the
point that half the population could be considered obese in a few decades. This
increase in obesity is accompanied by an increase in several conditions associated
to the obese phenotype, such as Diabetes Mellitus type II, cardiovascular diseases,
or the development of psychiatric conditions like depression or anxiety. The
increase in obesity could be caused by changes in the environment, such as the
supply and ease of access to calorically dense, palatable and economically
affordable foods, and the globalized decrease of exercising. The most used clinical
strategies for the treatment of obesity are aimed at palliating its effects on
metabolism and at reducing Metabolic Syndrome risk, these strategies are based
mainly on generating an energy deficit, this can be achieved through bariatric

surgery, dietetic interventions and/or physical exercise.

In this thesis we have studied the effects of an obesogenic diet, the cafeteria
(CAF) diet in male and female Long-Evans rats on metabolism and several
behavioural parameters, such as exploratory behaviour, baseline circadian
locomotor activity, as well as behaviour associated to the sweet taste, such as
appetitive behaviour, hedonic behaviour and the perceived palatability. Another
objective is to study the effects, on animals with diet induced obesity, of a dietetic
intervention based on a modified cafeteria diet in which calories administered are

reduced by 30% (CAFR), and of a treadmill exercise intervention.

Results indicate that the CAF diet administered ad libitum for 8 weeks induces a
significant increase in body weight in both sexes. Additionally, this effect is related
to other alterations that can be associated with the development of Metabolic
Syndrome, like an increase in insulin resistance, a dysregulation in the lipid profile
and an increase in abdominal adiposity. CAF feeding induces behavioural
alterations that can also be related to the obese phenotype, such as a decrease in
baseline locomotor activity in males, and a decrease in appetitive behaviour in both
sexes, which can be indicative of the development of a depressive profile associated
with obesity. CAFR feeding in obese animals partially corrected the effects of the

CAF diet; CAEFR feeding partially reverted insulin resistance and the alterations in



the lipid profile in females, meanwhile, the effects of CAFR in males are milder than
in females. Globally, physical exercise has milder effects than the CAFR
intervention has on diet induced obesity. Other effects of exercise are more specific
and will require future studies, such as the increase in leptin levels and in
exploratory activity in CAF males, or the decrease of appetitive behaviour in CAF

females.
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1.1. L’epidemia d’obesitat

L’obesitat esta definida com una acumulacié anormal o excessiva de teixit
adipds que representa un risc per la salut de I'individu (World Health Organization,
WHO., 2021). Des d"un punt de vista diagnostic, un individu es considera obes quan
presenta un Index de Massa Corporal (IMC o BMI) superior a 30 kg/m2, mentre que
un IMC entre 25 i 30 kg/m2 es considera indicatiu de sobrepes (Ward et al., 2019).
Actualment s’estima que una tercera part de la poblacié mundial té sobrepes o
obesitat (Chooi et al., 2019). La prevalenga de I'obesitat i el sobrepes ha augmentat
en els ultims 30 anys (The GBD 2015 Obesity Collaborators, 2017) i s’estima que a
Estats Units arribara al 50% a I'any 2030 (Ward et al., 2019). A nivell espanyol,
aproximadament un 20% de la poblacio és obesa, i a Catalunya aquest percentatge
disminueix al 15% (Aranceta-Bartrina et al., 2016), de manera que en ambdds casos

la prevalenga d’obesitat és inferior a la mundial.

L’obesitat i el sobrepes tenen efectes sobre practicament totes els funcions
fisiologiques i suposen una afronta als sistemes publics de salut (Tremmel et al.,
2017). Aixi, I'obesitat augmenta el risc de desenvolupar multiples alteracions
patologiques, com poden ser la diabetis tipus 2 (Ferguson et al., 2013), malalties
cardiovasculars (Piché et al., 2018), varis tipus de cancers (Shinoda et al., 2022; Ye et
al., 2020), i afectacions sobre la salut mental i I'estat d’anim de 1'individu (Abdalla
et al., 2022; Abiri et al., 2022) entre d’altres.

L’obesitat es considera una malaltia multifactorial que es desenvolupa com a
conseqiiencia d"un desequilibri energetic positiu cronic (Chooi et al., 2019). Presenta
un component genetic i s’ha determinat que 'heretabilitat del fenotip obes és d'un
40-70% (Maes et al., 1997). Tot i aix0, es considera que el rapid augment de la
prevalenca en les ultimes decades no es pot explicar tnicament a través de
mecanismes genetics, ja que el perfil genetic poblacional no ha canviat de forma
significativa en un periode de temps relativament curt (Lustig et al., 2022); i que els
canvis en l'ambient, com ara l'augment de la disponibilitat d’aliments
economicament assequibles, gustosos i energeticament densos a tota hora i arreu
tenen un paper fonamental (M. ]J. Morris et al., 2015; Swinburn et al., 2011) Aixi,
I’augment en el subministrament d’aquest tipus d’aliments als Estats Units des de
I’any 1970 s’ha associat a I’augment en la prevalenca de I'obesitat en aquest pais,




suggerint que una modificacié en els habits alimentaris ajudaria a controlar
I'epidemia d’obesitat (Hall et al., 2009).

Un altre factor ambiental a tenir en compte en I'etiopatogenia de 1'obesitat és el
desenvolupament d'un estil de vida més sedentari, és a dir, la disminucio de
I’activitat fisica. S’estima que un 30% de la poblacié Nord-Americana no compleix
els minims recomanats d’activitat fisica (Macera et al., 2003), i a nivell mundial
s’observa una tendencia de disminuci6 de I'activitat fisica en les tltimes decades
que es preveu que es mantingui en un futur (Ng & Popkin, 2012). Al nostre
continent, un estudi de la Uni¢ Europea dut a terme amb I’objectiu de determinar
els nivells d’activitat fisica de la poblacié va reportar que més de la mitat de
persones enquestades no fan exercici fisic intens, i un 47% no fan exercici fisic
moderat. El mateix estudi va mostrar que a Espanya aquests percentatges
empitjoren, de manera que el 67% de la poblacié no fa exercici intens, i el 60% no fa
exercici moderat (Special Eurobarometer 472 Sport and Physical Activity Report
Fieldwork, 2017).

1.2. Regulaci¢ de la ingesta
i. Regulacié homeostatica
Un dels mecanismes implicats en la regulacié de la ingesta i del pes corporal és
el conegut com a sistema homeostatic. Aquest sistema s’encarrega de regular les
necessitats energetiques fisiologiques necessaries pel dia a dia i esta basat en
I'augment de la ingesta d’aliments quan les reserves energetiques de 1’organisme

disminueixen.

Un factor important en aquest control homeostatic és ’adipoquina leptina, una
hormona peptidica sintetitzada principalment pel teixit adipds i secretada de forma
proporcional a la quantitat de teixit adipds (Maffei et al., 1995).. Aixi, canvis
relativament petits en el pes corporal i ’adipositat es regulen de forma homeostatica
de manera que en una persona adulta sana el pes es manté majoritariament estable
(Y. H. Yu et al., 2015).

El control homeostatic de la ingesta esta localitzat principalment en I’hipotalem.
Els senyals hormonals i nerviosos provinents del tracte gastrointestinal i del teixit
adipds blanc (TAB), es reben inicialment al nucli arcuat (ARC), que expressa

receptors d’hormones clau com la insulina, la leptina i la grelina; una altre via a




traves de la qual arriben senyals provinents del tracte gastrointestinal al SNC és el
nervi vague, que recull informaci6 sobre la secrecié de grelina (Wilson & Enriori,
2015). En I’ARC hi ha dues poblacions neuronals distingides, una sintetitza peptids
orexigenics com el neuropeptid Y i el peptid relacionat amb agouti (NPY/AgRP) i
I’altra sintetitza peptids anorexigenics com la proopiomelanocortina i el transcrit
regulat per cocaina i metamfetamina (POMC/CART) (Matafome & Seiga, 2017). Des
d’aquestes neurones de primer ordre s’envien senyals a les neurones de segon ordre
localitzades al nucli paraventricular (PVN), on s’integren amb senyals emocionals
i d’estres. El PVN exerceix un control fisiologic sobre el metabolisme a través de
projeccions a regions extra-hipotalamiques, com el nucli del tracte solitari, que es
considera crucial per a la resposta de sacietat (Sutton et al., 2016). En condicions
normals 'activacié d’aquestes vies es tradueix en el desenvolupament de respostes
adaptatives que modifiquen la ingesta d’aliments i la despesa energetica en base a
les demandes del dia a dia de I'organisme, amb 1'objectiu de mantenir estables els
nivells d’adipositat a mig-llarg termini (D. L. Morris & Rui, 2009; Myers et al., 2010).

Estudis en animals i humans indiquen que I'obesitat s’associa a una alteraci6 en
la senyalitzacio de la leptina a través del desenvolupament de resistencia a aquesta
adipoquina. Aquesta alteraci6 de la senyalitzacié modificaria el punt homeostatic i
resultaria en un augment de la ingesta i una disminucio6 de la despesa energetica, i
en conseqiiencia un increment del pes corporal (Lustig et al., 2022; Macht et al.,
2017). La resistencia a la leptina es creu que pot estar provocada en part per la
hiperinsulinemia i per la conseqiient resistencia a la insulina en el sistema nervids
central (SNC) (Miinzberg & Myers, 2005).

ii. Control hedonic

El mecanisme hedonic de control de la ingesta esta regulat principalment pel
sistema dopaminergic corticomesolimbic i circuits prefrontals encarregats del
control de la impulsivitat (Kessler et al., 2016; Lustig et al., 2022). Els aliments
saborosos indueixen l’alliberacié de dopamina en el Nucli Accumbens (NA) de
forma semblant a I'accié de les drogues d’abus i altres conductes addictives en
aquest sistema (Avena et al., 2008), generant processos que poden desenvolupar en
trastorns de la ingesta compulsiva (Kessler et al., 2016). En una exposici6 cronica a
aliments saborosos es detecten modificacions en la funcionalitat del sistema

corticomesolimbic semblants a les provocades per 1'ts cronic de drogues d’abus




(Avena et al.,, 2008), o a les observades en addiccions conductuals o factors
ambientals (ludopatia, xarxes socials, videojocs o compra compulsiva) (Clark &
Zack, 2023). Aquests canvis afecten, entre d’altres, als receptors de dopamina D1 i
D2 i la sintesis de dopamina en I’area tegmental ventral (VTA), que projecta al NA
(Ong et al., 2013). Aquests canvis acaben provocant una disminucié de la sensibilitat
a la recompensa a traves d’una disminucié de la senyalitzacio dopaminergica que
acaba generant un augment de la ingesta en presencia de aliments saborosos (Lustig
et al., 2022).

1.3. Tractament de I’obesitat

S’han desenvolupat diferents estrategies per tractar I’obesitat, principalment a
través de canvis en la dieta, I'augment de l'activitat fisica i la cirurgia bariatrica
(Heffron et al., 2021). Les cirurgies bariatriques estan indicades en els casos més
extrems (IMC superior a 40 kg/m2 o superiors a 35 kg/m2 amb complicacions
metaboliques) (Jensen et al., 2014), mentre que en la major part d'individus obesos
s'indica majoritariament un canvi en els habits alimentaris i un augment de

I’activitat fisica.

i. Tractaments dietetics

Per generar una perdua de pes a traves d'una intervencio dietetica és necessari
induir un deficit energetic. Actualment, les directrius oficials recomanen restringir
la ingesta de calories en 500-750 kcal, o aproximadament en un 30% (Jensen et al.,
2014). Varis estudis han conclos que aquesta dieta hipocalorica continuada és
efectiva a '’hora de generar una perdua de pes corporal (D. Liu et al., 2022;
Sadeghian et al., 2021; Seimon et al., 2020). Aquestes dietes hipocaloriques, tot i ser
efectives a I’hora de generar una perdua de pes a curt-mig termini, poden presentar
varis afectes adversos, com poden ser deshidratacid, hipoglucemia, letargia,
halitosis, hipoproteinemia, hipocalcemia o alllopecia, (Muscogiuri et al., 2019) i
induir una disminucidé en I'adherencia dels pacients a la dieta. Aquesta possible
disminuci6 en I'adherencia és un element clau perque genera una disminucié en
l'eficacia del tractament. De fet, s’ha documentat que un dels factors determinants
en l'eficacia de les dietes hipocaloriques és I'adherencia (del Corral et al., 2009). En
aquest estudi, aquesta es va mesurar en 227 dones amb sobrepés amb una dieta
restringida caloricament en un 40 com el percentatge entre la quantitat de calories
perdudes reals i les esperades segons la dieta. Aquest calcul va donar un 75%




d’adherencia, indicant que per cada 4 calories menys que dictava la dieta
recomanada, els participants van restringir la seva ingesta en 3. Aquesta mesura es
va correlacionar amb el percentatge de perdua de pes corporal, de manera que les
dones amb una adherencia major a la dieta van aconseguir una perdua de pes

corporal major.

Dins de les dietes hipocaloriques, recentment el dejuni intermitent ha augmentat
en popularitat, tot i que els resultats sobre la seva eficacia no sén concluents..
Aquest es basa en reduir la finestra de temps per ingerir aliments i per tant
augmentar el temps que l'organisme esta en estat de dejuni(Yannakoulia et al.,
2019). Hi ha varis patrons d’ingesta per fer dejuni intermitent (Patterson et al., 2015):
(i) un dejuni complert en dies alterns, de manera que es restringeig la ingesta en un
100% durant 24h certs dies; (ii) un dejuni modificat en dies determinats, de manera
que es redueix la ingesta en un 75-80% de la ingesta habitual en dies no consecutius;
i (iii) una alimentaci¢ restringida temporalment, de manera que només es permet la
ingesta d’aliments durant certes hores de forma diaria. Un estudi de meta-analisi
recent on es van comparar els efectes del dejuni intermitent amb els de la restriccio
calorica continuada (Wang et al., 2021) va determinar que el primer genera una
disminuci6 del pes corporal i de I'IMC marginalment major (aproximadament 1kg
més de perdua de pes en el grup de dejuni). Els treballs analitzats en aquest meta-
analisi comparaven els efectes d’una dieta hipocalorica continua amb una dejuni
parcial en dies determinats, de manera que entre 1i 3 dies a la setmana es permetia
una ingesta d’aproximadament unes 500 kcal durant almenys 2 mesos. Tot i aixo,
va concloure que els efectes d’aquestes dues estrategies pel tractament de la obesitat
son comparables i que el dejuni intermitent no aporta un benefici addicional
significatiu en la regulacié de la glucémia ni en el perfil lipidic respecte la restriccid

calorica continuada.

Un altre gran grup de tractaments dietetics molt utilitzats es basen en modificar
la composicié de macronutrients de la dieta, és a dir la ingesta de carbohidrats,
grasses i proteines (Yannakoulia et al., 2019). Diversos meta-analisis que han revisat
les dades d’assajos clinics han conclos que la restriccio de carbohidrats és més
efectiva a 'hora de generar efectes sobre el pes corporal i millorar la salut
cardiovascular que la restriccié de grasses (Bueno et al., 2013; Mansoor et al., 2016;
Tobias et al., 2015). Tot i l'efectivitat d’aquestes dietes, tant la restriccié de




carbohidrats com la de grasses presenten problemes associats a I’adherencia a la
dieta i a la seguretat a llarg termini. En general, a llarg termini es produeix una
disminuci6 en I’adherencia comparable entre ambdues dietes i, en conseqiiéncia,
en l'efectivitat del tractament (Alhassan et al., 2008; T. Hu et al., 2016). En referencia
a les dietes baixes en carbohidrats també s’han documentat varis efectes secundaris
adversos que poden disminuir I’adherencia. A curt termini poden apareixer astenia,
cefalea, debilitat muscular, restrenyiment i nausea. A llarg termini, alguns d’aquests
efectes adversos, com el restrenyiment (Moreno et al., 2014), poden persistir,
indicant que el manteniment a llarg termini de dietes baixes en carbohidrats pot
tenir efectes perjudicials per la salut de I'individu. En un meta-analisi en que es van
analitzar dades de més de 400.000 homes i dones entre 20 i 85 anys, amb individus
normopes, amb sobrepes i obesos, es va establir una relacié en forma de U entre la
mortalitat i la ingesta de carbohidrats, de manera que ingestes baixes (<40%) i altes
(>70%) de carbohidrats presenten taxes de mortalitat semblants i més altes que

ingestes intermedies (Seidelmann et al., 2018).

Un altre tipus d’intervencions basades en la modificacié de la ingesta de
macronutrients es basa en augmentar la ingesta de proteines amb l’objectiu de
reduir la perdua de massa magra que es produeix durant el periode de perdua de
pes (Yannakoulia et al., 2019). Aquestes intervencions s’han demostrat efectives a
I'hora de perdre pes. En un assaig clinic amb 105 homes i dones entre 20 i 60 anys i
amb un IMC mitja de 31 kg/m2 es van comparar els efectes de dues dietes
restringides caloricament en 500 kcal, una normoproteica i una hiperproteica
isocalorica (augment de la ingesta de proteines en un 40% respecte la
normoproteica) durant 6 mesos, i la dieta hiperproteica va generar una perdua de
pes major que la dieta normoproteica (Campos-Nonato et al., 2017). En un altre
estudi amb més de 800 homes i dones entre 30 i 70 anys amb sobrepes o obesitat,
també es va relacionar una ingesta major de proteines (mesurada a través de
I'excrecid urinaria de nitrogen) amb una perdua de pes major després de 2 anys
d’intervencio (Bray et al., 2017). Altres estudis, pero, no han sigut capacos d’establir
una relacio entre la ingesta de proteines i una major perdua de pes corporal, ja sigui:
i) comparant dues dietes caloricament restrictives, una dieta hiperproteica (34% de
la ingesta calorica provinent de proteines) amb una dieta normoproteica (17%) en
88 homes i dones entre 18 i 65 anys i un IMC major de 35 kg/m2 durant 1 any (Dalle
Grave et al., 2013), ii) comparant en 63 homes i dones entre 18 i 70 anys i un IMC




superior a 25 kg/m2 una dieta sense restriccié calorica hiperproteica (32% de la
ingesta calorica provinent de proteines) amb una dieta isocalorica normoproteica
amb suplementaci6 d’exercici fisic durant 6 mesos (N. A. Watson et al., 2018), o iii)
comparant en 323 dones post-menopausiques amb un IMC major de 27 kg/m2, una
dieta restrictiva caloricament hiperproteica (33% de la ingesta calorica provinent de
proteines) amb una isocalorica normoproteica en individus amb sobrepes
(Jesudason et al., 2013).

ii. Intervencions basades en augmentar I’activitat fisica

Les recomanacions generals per a la poblacié adulta sana respecte 1'activitat
fisica consisteixen en fer exercici fisic aerobic d’intensitat moderada, com caminar
lleuger, durant un minim de 250 minuts per setmana, que correspon a uns 35
min/dia (Donnelly et al., 2009). També es recomana l'exercici de resistencia 2 dies a
la setmana (HHS, 2018) com a complement de l'exercici aerobic amb 1’objectiu de
mantenir la massa muscular (Schoenfeld, 2010). En recomanacions més recents,
I’Organitzacié Mundial de la Salut (OMS) recomana un minim de 150 minuts
d’exercici aerobic moderat, complementat amb 2 sessions setmanals d’exercici de

resisténcia.

En relacié al tractament de l’obesitat, a diferéncia de les intervencions
dietetiques, les basades en l'exercici fisic moderat no acostumen a generar una
perdua de pes significativa. Aixi, s’ha descrit que en una mostra de 156 dones amb
un estil de vida sedentari d’entre 20 i 60 anys i un IMC de 25 kg/m2 o superior, una
intervencio controlada de 3 dies a la setmana, amb sessions de 50 minuts d’exercici
aerobic (caminar i ballar) durant 6 mesos genera una perdua mitjana de pes d'un
2% (Alves et al, 2009). A més de generar una lleugera perdua de pes, les
intervencions d’exercici aerobic generen altres efectes. En un meta-analisi en el que
es van analitzar dades de 13 treballs amb 762 participants en total, es va determinar
que un exercici aerobic moderat (caminar o bicicleta estatica) genera una disminucio6
en 'adipositat abdominal. El patré d’intervencié que incloien els treballs inclosos
en aquest estudi era un “exercici de 3-5 dies a la setmana, amb una durada de les
sessions de 20-75 minuts per dia, durant un periode de 12 setmanes a 1 any (Sabag
et al,, 2017). Un altre meta-analisi amb les dades de 32 treballs i mes de 1400
participants va determinar que ’exercici aerobic (caminar) en sessions d’entre 20 i

60 minuts, de 2 a 7 dies a la setmana, durant un periode de 8 setmanes a 1 any genera
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una millora en el risc cardiovascular (Murtagh et al., 2015). Finalment, en un altre
meta-analisi en que es van estudiar els efectes de 1'exercici de resistencia a partir de
les dades de més de 3000 participants amb normopes i obesos, en 56 treballs on s’hi
havia fet intervencions d’almenys 4 setmanes de durada, es va concloure que els
efectes sobre l’adipositat i el pes corporal son semblants entre 1'exercici de

resistencia i altres modalitats d’exercici, com caminar (Wewege et al., 2022).

iii. Sindrome metabolica i efectivitat dels tractaments

Encara que totes aquestes intervencions estiguin encarades a generar una
perdua de pes i una disminucio de I'IMC, en principi aquests efectes per si mateixos
no son indicatius d"una millora en I'estat de salut de I'individu, ja que les mateixes
afectacions que es poden trobar en individus obesos (desregulacid de la glucemia,
dislipidemia o hipertensid) es poden trobar en individus no obesos (Bliiher, 2020).
Aixi, I'objectiu principal de les dietes és reduir els marcadors de malaltia i, en
conseqiiencia, reduir el risc de desenvolupar sindrome metabolica i altres
patologies associades. La sindrome metabolica (SM) és un conjunt de condicions
que augmenten el risc de patir malalties cardiovasculars. Es considera una condicid
patologica i es caracteritza per la presencia d’adipositat abdominal, resistencia a la
insulina, hipertensié i dislipémia (Han & Lean, 2015; Saklayen, 2018). Des d"un punt
de vista diagnostic es fan servir 5 criteris per establir la presencia de SM (Taula 1), i
en presencia de 3 o més d’aquestes condicions es considera que s’ha desenvolupat
SM (Alberti et al., 2009).

Parametre Punts de tall

Homes Caucasics: 294cm
Circumferencia Abdominal
Dones Caucasiques: 280cm
Homes: <40mg/dL (ImM)
Dones: <50mg/dL (1,3mM)
PA Sistolica: 2130mmHg

PA Diastolica: 285 mmHg

HDL-Colesterol

Pressid Arterial

Trigliceridémia >150 mg/dL (1,7 mM)

Glucemia 2100 mg/dL (5,55 mM)
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Taula 1. Parametres i punts de tall a partir dels quals s’efectua el diagnostic de SM. En la practica
clinica, I'is de medicacié per controlar la colesterolémia, la trigliceridemia o la glucemia es consideren
indicadors alternatius de SM. Les dades de circumferéncia abdominal sén les proporcionades per I’
Organitzacié Mundial de la Salut i recomanades per 1'tis en poblaci6 caucasica. Per altres grups etnics
es recomanen mesures lleugerament diferents per tal de tenir en compte diferencies etniques. Taula
adaptada d’Alberti et al., 2009.

En estudis de meta-analisis tant els tractaments dietetics com les intervencions
d’exercici fisic han demostrat ser intervencions efectives a I'hora de reduir els
marcadors de SM. Les intervencions dietetiques basades en una reduccié de la
ingesta de carbohidrats s’han mostrat més efectives per a disminuir la
trigliceridemia i la pressio arterial, tant sistolica com diastolica, que les
intervencions basades en la reduccié de grasses; en canvi, la colesterolemia sembla
més susceptible a millorar en les intervencions baixes en grasses (Bueno et al., 2013;
Mansoor et al., 2016). En relacié a la glucémia i la insulinemia, tant les dietes baixes
en carbohidrats com les dietes baixes en grasses milloren els dos parametres de
forma semblant (Mansoor et al., 2016; H. Zhao et al., 2022). Per tant, ambdos tipus
de dietes es consideren adequades per a millorar els marcadors de SM.

Les intervencions basades en 1'exercici aerobic generen també un efecte positiu
sobre els marcadors de SM. En un meta-analisi realitzat amb dades de més de 300
individus es va determinar que l'exercici aerobic, en intervencions de 8 a 36
setmanes amb combinaci6 o no amb exercici de resistéencia, pot disminuir la pressié
arterial sistolica i I’adipositat, i millorar el control de la glucemia (Stoner et al., 2016).
La millora en el control de la glucemia fou semblant a la del tractament amb
metformina (Alanazi, 2013), un dels medicaments més usats en el tractament de la
diabetis, indicant que l'exercici fisic pot ser tant efectiu com un tractament

farmacologic a I'hora de regular la glucemia.

Altres autors han proposat I'exercici fisic com a terapia adjuvant als tractaments
dietetics per tal de millorar els resultats (Rajaie et al., 2022). La combinaci6
d’ambdos tractaments provoca una disminucié major de 1’adipositat i serveix per
exercir una funcié protectora sobre la massa muscular (Stoner et al., 2016). A més,

també millora la glucémia i la insulinemia (ben Ounis et al., 2008; Ho et al., 2013),
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pero no el perfil lipidic (Ho et al., 2013). Tenint en compte aquests resultats es pot
concloure que la combinacié dun tractament dietetic i d"una intervencié d’exercici

tisic genera resultats més marcats que cadascun dels dos tractaments per separat.

1.4. Models animals per a I’estudi de 1'obesitat

S’han desenvolupat diversos models animals en rosegadors per a l'estudi de
I'obesitat humana. Aquests models es basen principalment en (i) modificacions
genetiques que predisposen els animals a I'obesitat, (ii) induir I'obesitat a través de

lesions mecaniques o quimiques, o (iii) induir obesitat a través de la dieta.

i. Models genetics

Els models animals genetics poden ser monogenetics i poligenetics, i dintre dels
primers es poden diferenciar els espontanis i els induits. Els models monogenetics
espontanis més utilitzats son les rates Zucker i les rates Otsuka Long-Evans
Tokushima Fatty (OLEFT) (Kleinert et al., 2018). Les rates obeses Zucker tenen una
mutacio6 a la posici6é 269 de la porcié del receptor de leptina comuna a totes les
isoformes del receptor (Phillips et al., 1996). Aquesta mutacié6 provoca que el
receptor quedi internalitzat a la cel-lula generant una deficiencia en la senyalitzacio
de la leptina (Phillips et al., 1996; Schwartz et al., 1996). En conseqiiencia, aquests
animals presenten varies caracteristiques tipiques d’individus obesos, com ara
hiperfagia, una despesa energetica disminuida i desregulacions en la funcid
insulinergica. Les rates OLEFT tenen un deficit en el receptor A de la
colecistoquinina (CCK) (Kleinert et al., 2018). Aquesta és una hormona peptidica
sintetitzada per cel-lules enteroendocrines de I'intesti prim en resposta a la ingesta
d’aliments rics en grasses o proteines (Dockray, 2009) com a senyal de sacietat.
Altres models s’han desenvolupat a través de la cria selectiva a partir d’aquestes
soques de rates. Per exemple, les rates ZDF que es van obtenir a través de la cria
selectiva de rates Zucker hiperglicemiques presenten una mutacié autosomica en la
magquinaria transcripcional de les cellules beta-pancreatiques i simptomes de
diabetis severa (Kleinert et al., 2018).

Els models monogenetics son ttils per estudiar defectes genetics que generen
obesitat. En referencia als models monogenetics induits, actualment, la tecnologia
d’edicié genetica fa possible I'estudi detallat en rosegadors de practicament
qualsevol mutacié genetica obesogenica o potencialment obesogenica que es vulgui

estudiar (Kleinert et al.,, 2018). Per proporcionar un exemple, en l'estudi de
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Fernandez-Gayol et al. (2019) es va usar un model genetic de ratolins en el que es
va generar un KO condicional de IL-6 en neurones, de manera que el KO de IL-6
protegeix completament a les femelles dels efectes d'una dieta alta en grasses, pero
no als mascles. Aquest estudi proporciona un exemple d"un model monogenetic

induit.

Els models poligenetics d’obesitat es basen principalment en diferencies
individuals en quant a la resistencia o predisposici¢ innata a I'obesitat que mostren
els animals d’"una mateixa soca (Kleinert et al., 2018). Un exemple és la soca de rata
Sprague-Dawley, en la qual una alimentacié alta en grasses provoca que
aproximadament el 50% dels animals desenvolupin obesitat (Levin et al., 1987).
Aquestes diferencies es deuen a que els animals predisposats a 1’obesitat presenten
una sensibilitat a la insulina i la leptina reduida a nivell del sistema nervios central
que és detectable abans de que apareguil’obesitat (Clegg et al., 2005; Levin & Dunn-
Meynell, 2002).

ii. Models de lesions obesogeniques

Els models d’obesitat bastats en lesions es centren principalment en lesionar
arees del SNC, principalment de I'hipotalem ventromedial i lateral, que intervenen
en la regulacio de la ingesta o del pes corporal (Kleinert et al., 2018). Aquestes
lesions generen efectes importants i a l'inici de ser utilitzades van permetre
identificar 'hipotalem com a una regio clau en el control del metabolisme, la ingesta
i el pes corporal (Albert et al., 1971; Hoebel, 1965). En 1'actualitat les tecniques
emprades es centren en la disrupcié genetica dirigida de poblacions neuronals

especifiques (King, 2006).

iii. Models d’obesitat induida per la dieta
L’altre gran grup de models animals per 'estudi de I'obesitat son els models
d’Obesitat Induida per la Dieta (OID). Es considera que aquests models tenen una
validesa aparent major que els models genetics i de lesions per estudiar 1'obesitat
humana (Nilsson et al., 2012). Si el gran increment en la prevalenga de 1'obesitat en
humans en els altims anys és independent de canvis genetics, 'estudi de 1’obesitat

en models no genetics sembla més adequada que la utilitzacié de models genetics.

Els models OID es centren en ’administracio de dietes obesogeniques (altes en

carbohidrats i/o en grasses; high-sugar diets, HSD; i high-fat diets, HFD). Aquests
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models presenten varies caracteristiques semblants al desenvolupament de
I'obesitat en humans, com ara una ingesta hipercalorica, un desenvolupament
gradual de I'obesitat i un desenvolupament natural dels problemes associats com
per exemple la resistencia a la insulina (Kleinert et al., 2018). A 1'hora d’utilitzar
aquests models hi ha varis aspectes a considerar, com ara la soca, el sexe, 'edat i

la dieta a administrar.

Diferents soques de rates responen de forma diferent a les dietes. Amb
I'excepcid de soques seleccionades geneticament per presentar resistencia a 1'OID,
les rates desenvolupen obesitat, pero en funcié de la soca utilitzada 1’obesitat pot
ser més o menys severa. Per exemple, 20 setmanes d’alimentacié amb una dieta alta
en grasses provoca un augment de pes corporal del 50% en la soca Wistar, pero

només d'un 25% en la soca Sprague-Dawley (Schemmel et al., 1970).

Un altre factor a tenir en compte és el sexe dels animals. Sorprenentment a dia
d’avui hi ha un nombre molt reduit de bibliografia que compari els efectes del sexe
en el desenvolupament de ’OID. Sembla que el desenvolupament de I'obesitat és
molt més marcat en mascles que en femelles quan s’administren dietes altes en
grasses, degut a que els mascles consumeixen més grasses que les femelles (Maric
et al.,, 2022). En canvi, si s'utilitzen dietes altes en carbohidrats simples, les femelles

presenten una resposta hiperfagica major que els mascles i un guany de pes també
major (Eckel & Moore, 2004).

En els models d’OID també s’ha de considerar el tipus de dieta administrada.
Tradicionalment, molts d’estudis s’han fet amb dietes que consisteixen en
I’administracié de pellets amb un contingut alt en grasses i/o carbohidrats i/o sucres
i que s’administren de forma semblant a la dieta de manteniment estandard
(Lalanza & Snoeren, 2021). Aquests dissenys esdevenen un model amb validesa
aparent en que els animals desenvolupen obesitat a través de la ingesta d'una dieta
hipercalorica (Small et al., 2018) de manera similar a com ocorre en els humans.
L’avantatge principal que tenen aquestes dietes a I’hora d’estudiar 1'obesitat és un
alt nivell de control sobre la ingesta dels animals ja que la composicio dels pellets
administrats és homogenia, la qual cosa  contribueix a augmentar la
reproductibilitat dels experiments. Aquest avantatge pero pot ser un inconvenient
si es volen considerar altres variables que intervenen en el desenvolupament de

I’obesitat en humans. Per exemple, els humans no segueixen aquest patr6 de ingesta
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basat en un sol aliment, necessiten varietat. Tampoc basen la seva tria
exclusivament en la composicié de macronutrients que té cada aliment, siné també
tenen en compte altres aspectes molt rellevants com la seva palatabilitat, olor,
textura o experiencies previes (Mccrickerd & Forde, 2016). Addicionalment, en
estudis d’OID en que s"usen dietes altes en grasses i/o sucres en format de pellet es
pot observar una hipofagia a llarg termini que pot ser deguda a la manca de varietat
en la dieta (Lalanza & Snoeren, 2021). Aquests problemes fan que els models d"OID,
tot i la seva validesa aparent, no siguin representatius de tots els factors implicats

en el procés a partir del qual els humans esdevenen obesos.

- Dieta de cafeteria

A mitjans de la decada de 1970 es van comengar a realitzar els primers estudis
amb un tipus de dieta que més endavant es va anomenar dieta de cafeteria (Sclafani
& Springer, 1976). En aquestes dietes el pinso estandard es suplementa amb varis
aliments preparats pel consum huma, com poden ser snacks, galetes, baco,
formatge, pastissos, paté, llaminadures, etc... Aquestes dietes segueixen tenint un
component obesogenic ja que la seva composicié6 de macronutrients és alta en
grasses i en sucres, i no generen la hipofagia de les dietes de pellets ja que els
aliments son variats i saborosos. A més a més de mantenir la validesa aparent de les
dietes altes en grasses i/o sucres, les dietes de cafeteria introdueixen la validesa de
constructe ja que incorpora el factor hedonic, el qual s’ha relacionat també amb el

desenvolupament de I’obesitat en humans (Lalanza & Snoeren, 2021).

Des dels primers estudis amb dieta de cafeteria han aparegut i se n’han fet servir
varies modalitats. Les diferencies principals entre elles son el nombre d’items que
les componen, i si aquests items s’administren tots alhora cada dia, o agrupats de 5
en5 (de 4 en 4 o de 6 en 6, 0 altres combinacions depenent dels estudis) al llarg de
diferents dies de forma rotativa. Es poden trobar estudis que utilitzen dietes de tres
items (Kendig et al., 2016) fins a dietes de 96 items presentats de forma rotativa
(Palframan & Myers, 2016). De mitjana, una dieta de cafeteria tipica consisteix en 8-
9 ingredients. Es important que contingui una barreja d’ingredients alts en grasses
ien sucres, aixi com aliments salats i altament saborosos amb 1'objectiu d’augmentar
la ingesta dels animals (Lalanza & Snoeren, 2021). Afegir un component rotatiu a la
dieta de cafeteria pot ajudar a augmentar la varietat de productes presentats i a

mantenir el component de novetat per mantenir una ingesta elevada. Tot i aixo, la
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hiperfagia també es pot aconseguir presentant sempre els mateixos aliments
(Cigarroa et al., 2016; Subias-Gusils et al., 2021 a,b). Com ja s’ha comentat, la dieta
de cafeteria afegeix validesa de constructe als estudis d’OID, pero la gran
variabilitat de protocols utilitzats per diferents laboratoris disminueix la
reproductibilitat dels resultats. Recentment s’han fet esfor¢os per intentar generar
una dieta de cafeteria estandarditzada tenint en compte la palatabilitat dels

ingredients, la novetat i la varietat de productes (Lalanza & Snoeren, 2021).

En estudis en que s’ha comparat la dieta de cafeteria amb altres dietes
obesogeniques basades en 1’administracio dels pellets anteriorment comentats , s"ha
determinat que els efectes de la dieta de cafeteria son més severs. En un estudi en
que es va comparar una exposicio de 15 setmanes amb dieta de cafeteria amb una
dieta alta en grasses, la dieta de cafeteria va resultar en una ingesta calorica i en un
pes corporal aproximadament un 20% major, aixi com en un augment més elevat
de la glucemia, 1" adipositat i la infiltracié de macrofags al teixit adipos, indicativa
del desenvolupament de processos inflamatoris (Sampey et al., 2011). En un altre
estudi en que es va comparar una intervencio de 10 setmanes amb dieta de cafeteria
o amb dieta alta en grasses i sucres també es va detectar una ingesta calorica i un
pes un 20% major en els animals alimentats amb dieta de cafeteria, resultant en
una adipositat i uns nivells de leptina més elevats a més a més de disbiosis (Gual-
Grau et al., 2019).

Per tant, 1’obesitat induida per dieta de cafeteria no només pot presentar més
validesa aparent i de constructe com a model de I'obesitat humana, siné que a més

indueix efectes més severs que altres models.

1.5. Models animals d’exercici fisic

Varis models d’exercici fisic s’han utilitzat per estudiar els efectes de 1'exercici
aerobic en rosegadors. Entre aquests, els més utilitzats son el model d’exercici al
tapis rodant i el model en rodes d’activitat (Feng et al., 2019). Aquestes dues
intervencions presenten diferencies notables, entre les quals es poden destacar el
control que es té sobre el protocol d’exercici, el nivell i tipus d’estres que generen en

els animals, i la similitud amb les conductes humanes d’exercici.

En referencia al control que es té sobre el protocol d’exercici, el tapis rodant

ofereix una controlabilitat major, ja que la durada, la freqiiencia, i la intensitat de
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I'exercici que fan els animals es pot fixar, de manera que aquests parametres siguin
els mateixos en tots ells i per tant garantint que tots fan el mateix programa
d’exercici. En canvi, en les rodes d’activitat que es col-loquen dins la gabia, cada
animal decideix quan fa exercici i quant exercici fa (Leasure & Jones, 2008). D’altra
banda, com que I’animal no pot entrar i sortir del tapis rodant per ell mateix i si que
ho fa de la roda, al model de la roda d’activitat se’l coneix com a exercici voluntari
i al del tapis rodant exercici forcat. Tot i que la controlabilitat estigui en general
associada al tapis rodant, també es poden dissenyar intervencions d’exercici fisic

forcat en animals amb rodes d’activitat motoritzades (Greenwood et al., 2013).

El tapis rodant i les rodes d’activitat també generen un estres diferent en els
animals. Es considera que el tapis rodant genera uns nivells d’estres més elevats que
la roda d’activitat. Aixo és deu a que, a part de I’estres fisiologic associat a I’exercici
fisic en si mateix, en alguns estudis s’ha detectat que I'exercici forgat al tapis rodant
en sessions puntuals i en periodes curts de temps indueix nivells de corticosterona
més elevats que el voluntari (Uysal et al., 2015). Aquest estres psicologic augmenta
amb la intensitat de l'exercici, especialment si es fa servir estimulacié electrica
aversiva per a motivar els animals, cosa que els augmenta I'ansietat (Khataei et al.,
2021).

En relacié a la similitud amb les conductes humanes, les rodes d’activitat
ofereixen als animals la llibertat de fer exercici de forma voluntaria, i amb la durada
i intensitat que vulguin. Aixo és més semblant a com la majoria de persones fan
activitat fisica de forma lidica. D’altra banda, I’exercici de caracter forcat que es fa
al tapis rodant, sembla més adequat per modelar I’exercici fisic que fan les persones
a qui no agrada fer-ne pero se’ls ha recomanat per prescripcié medica (Greenwood
et al., 2013).

A T'hora de determinar quina modalitat d’exercici es fa servir en un estudi amb
animals, un dels aspectes a considerar és si la intervencio és de caracter aillat o si es
fa en conjuncié amb una altre intervencié. En aquesta tesi, I'exercici el fan animals
a qui previament s’ha induit obesitat a través de la dieta. En la bibliografia hi ha
resultats contradictoris pel que fa als efectes de 'exercici en les rodes d’activitat en
animals amb OID, de manera que en alguns estudis en rates una dieta alta en grasses
indueix un augment de l’activitat voluntaria (Mifune et al., 2015), mentre que en

altres estudis s’ha descrit una reduccio6 (Judge et al., 2008). Independentment de si
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I’OID provoca un augment o una disminucié de I'exercici voluntari a les rodes
d’activitat, I'tinica manera d’assegurar que “la quantitat d’exercici” que fan tots els
animals sigui la mateixa en durada, freqiiencia i intensitat, és fent servir el tapis

rodant.

1.6. Obesitat i estres i ansietat

Un dels processos afectats per 1’obesitat és el desenvolupament de depressio i
ansietat. En un estudi amb una poblaci6é nord-americana de 177.047 pacients es va
relacionar un BMI elevat amb diagnostics de depressio i ansietat (G. Zhao et al,,
2009). Un altre estudi amb 30.337 homes i dones entre 15 i 105 anys va relacionar un
augment en el nombre de factors de risc metabolic (hipertensio,
hipertrigliceridemia, baix colesterol HDL, hiperglucémia, i proteina C-reactiva
elevada) amb un augment del risc de desenvolupar depressio (Jokela et al., 2014).
En animals amb OID també s’ha detectat un augment de la conducta ansiosa i
depressiva. En un estudi amb ratolins alimentats durant 12 setmanes amb una dieta
alta en grasses el temps passat als bragos oberts del laberint en creu elevat va
disminuir i la immobilitat en el test de natacio forcada va augmentar, indicant un
augment de la conducta ansiosa i depressiva respectivament (Sharma & Fulton,
2013). D’altra banda, en rates alimentades amb dieta de cafeteria durant 16 setmanes
es va detectar un resultat semblant al test de natacid forcada, observant un augment
de la immobilitat, indicant un augment en simptomatologia depressiva, mentre que
no es van detectar efectes en la conducta ansiosa al laberint en creu elevat (da Costa
Estrela et al., 2015). Aquest resultat negatiu en rates respecte la conducta ansiosa
també ha estat replicat pel nostre grup després de 8 setmanes d’alimentacié amb

dieta de cafeteria en rates mascle adultes (Lalanza et al., 2014).

La relacio entre obesitat i trastorns depressius i d’ansietat és de naturalesa
reciproca, de manera que no només 1'obesitat incrementa el risc de desenvolupar
depressid, sind que la depressioé augmenta el risc de desenvolupar obesitat (Fulton
et al., 2022). En condicions experimentals, tant en humans com en rosegadors, un
estres fisic o emocional augmenta la ingesta d’aliments saborosos en individus
saciats (Dallman, 2010). A més, s’ha demostrat que aquest augment de la ingesta
d’aliments saborosos disminueix la resposta hormonal a un episodi d’estres, com
I'exposicié a 30 minuts d’immobilitzacié forcada, en termes d’alliberacié de
I’hormona hipofisaria ACTH (la Fleur et al., 2005).
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Aquest efecte de disminucid de la resposta hormonal a I'estres, juntament amb
la manca d’afectacié de la conducta ansiosa en animals alimentats amb dieta de
cafeteria en comparacio amb els efectes ansiogenics d’alimentacié HFD, apunten a
un efecte ansiolitic o “anti-estrés” diferencial depenent de la palatabilitat de la dieta.
De fet, els resultats d'un estudi fet al nostre laboratori amb animals joves indicaren
que la dieta de cafeteria disminueix la conducta ansiosa al laberint en creu elevat i

incrementa la conducta de joc (Lalanza et al., 2014).

i. Efectes de les intervencions dietetiques sobre 'estres i I’ansietat

Degut a I'alta comorbiditat que presenten 1’obesitat i els trastorns depressius i
d’ansietat en humans, els possibles efectes palliatius de les intervencions
dietetiques i d’exercici fisic s’han estudiat extensivament. Els resultats de varis
meta-analisis han demostrat una relacié positiva entre una disminucié de la
simptomatologia depressiva i intervencions de restriccio calorica (Ein et al., 2019),
intervencions dietetiques en general (Firth et al., 2019) i intervencions conductuals
basades en canvis de dieta i augment de l'activitat fisica (Jones et al., 2021). Els
resultats d’estudis sobre les conductes d’ansietat demostren una manca general
d’efecte de les intervencions sobre la conducta ansiosa, de manera que els efectes de
les intervencions orientades a perdre pes son més marcats a ’hora de pal-liar el
perfil depressiu que I'ansids. Tot i aix0, I'estudi de Firth et al., 2019 va analitzar de
forma separada les dades obtingudes de 16 assajos clinics amb dades de 54.826
homes i dones entre 21 i 85 anys i va determinar que en dones una intervencid
dietetica si que pot tenir efectes positius sobre les conductes ansioses, i que els

efectes positius sobre la conducta depressiva son més marcats que en homes.

Els efectes d’intervencions dietetiques altes o baixes en carbohidrats sobre
simptomes de depressid i/o d"ansietat sembla que no sén substancialment diferents,
de manera que individus amb una dieta baixa en carbohidrats i alta en grasses, o bé
alta en carbohidrats i baixa en grasses no mostren diferencies en aquestes variables
(Brinkworth et al., 2016; Halyburton et al., 2007). No obstant, hi ha estudis que
reporten una millora més accentuada en indicadors de depressio i ansietat en
individus amb una dieta alta en carbohidrats i baixa en grasses en comparacié amb
una dieta baixa en carbohidrats i alta en grasses (Brinkworth et al., 2009). El fet que
els mateixos autors hagin obtingut resultats contradictoris en diferents estudis
(Brinkworth et al., 2009, 2016) indica que si hi ha diferencies entre intervencions
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dietetiques, aquestes poden dependre de variables com les eines usades per
determinar la simptomatologia depressiva, la intervencid especifica usada en cada
estudi i la presencia o no de patologies associades a I’obesitat com la diabetis tipus
2.

ii. Efectes de I'exercici fisic sobre sobre I'estres i I’ansietat

En referencia als efectes de I'exercici fisic sobre la depressi¢ i I'ansietat, en
un meta-analisi recent de 117 assajos clinics publicats en els tltims 35 anys, amb un
total de 6456 participants, es van examinar els efectes de 1'exercici fisic sobre la salut
mental i es va concloure que l'exercici fisic aerobic te un efecte positiu sobre la
simptomatologia depressiva i d’ansietat, i sobre la salut mental en general.
Addicionalment, l'exercici de resistencia va exercir un efecte correctiu sobre el
perfil depressiu més alt que 1’aerobic, tot i que aquest resultat es va obtenir a partir
de només 2 assajos clinics. Els autors van concloure que tant 1’exercici aerobic com
el de resistencia aixi com una intervencio mixta tenen efectes positius sobre la salut
mental, que una intervencié6 mixta és la terapia més efectiva per millorar la
simptomatologia depressiva, i que l'exercici de resistencia és el més efectiu per
millorar I’ansietat (Q. Yu et al., 2022).

Aquests resultats indiquen per tant que les intervencions d’exercici fisic tenen
un efecte notable sobre l’ansietat, a diferencia de les intervencions dietetiques.
Només s’ha trobat un estudi en el que es determinen els efectes d’ambdods tipus
d’intervencio sobre l’ansietat. En aquest estudi es van reclutar 74 dones xineses amb
sobrepes i es va dur a terme una intervencido combinada amb una dieta baixa en
carbohidrats (aproximadament 50gr de carbohidrats diaris) i d’exercici aerobic
intens en bicicletes estatiques 5 dies a la setmana. Les mesures d’ansietat es van
realitzar després de 4 setmanes d’intervencions a través de qliestionaris. Els
resultats van indicar que la intervencié dietetica tota sola no té efectes significatius
sobre l’ansietat, mentre que la mateixa intervencié combinada amb exercici si
millora I'ansietat, indicant que l’exercici pot exercir una funcié d’adjuvant a les

intervencions dietetiques (M. Hu et al., 2022).

iii. Obesitat i eix hipotalamic-pituitari-adrenal (HPA)
L’obesitat i la ingesta d’aliments saborosos també afecten la funcié de I'eix HPA.
Aquest eix s’activa en resposta a una situacié d’estres amb 1'objectiu de generar

canvis adaptatius que ajudin a mantenir 1'equilibri homeostatic i fer una resposta
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conductual adequada davant 1'estimul estressant (Pervanidou & Chrousos, 2016).
L’activacié de I'eix HPA s’inicia al PVN, on convergeixen i s’'integren diversos
senyals que informen sobre amenaces externes a I’'organisme i sobre I'estat fisiologic
internper tal de generar la resposta adequada (Jiang et al., 2019). Aquesta resposta
consisteix en la secrecid de I'hormona alliberadora de la corticotropina (CRH) des
de la porci6é parvocel-lular medial dorsal del PVN (PVNmpd) al sistema portal
hipofisiari (Kovacs, 2013). La CRH arriba a I’adenohipofisi on estimula les cel-lules
corticotropes que sintetitzen i alliberen 1’hormona adenocorticotropa (ACTH) al
torrent sanguini L’ACTH viatja fins a la glandula adrenal on actua sobre el cortex
adrenal a traves de la uni6 amb el receptor de melanocortina tipus 2 amb el que
s’inicia una cascada que culminara amb I’alliberaci6 de glucocorticoides (Armario,
2006).

Els efectes de 1'obesitat sobre els nivells de glucocorticoides en circulacié sén
contradictoris (Incollingo Rodriguez et al., 2015). En humans, hi ha varies mesures
que permeten determinar els nivells de cortisol, com ara la resposta de cortisol
salival al despertar i la produccid total diaria de cortisol. Les contradiccions es
veuen en la resposta de cortisol salival al despertar, de manera que hi ha estudis
que indiquen una relaci6 negativa amb I’obesitat, amb més obesitat i menys cortisol
salival (Champaneri et al., 2013; Ranjit et al., 2005; Ursache et al., 2012), mentre
altres indiquen una relacidé positiva, amb més obesitat i més cortisol salival
(Therrien et al., 2007, Wallerius et al.,, 2003). Resultats semblants es troben a
I'estudiar la produccio total diaria de cortisol, de manera que alguns indiquen
hipocortisolemia en persones obeses (Travison et al., 2007; Vicennati & Pasquali,
2000) mentre que altres indiquen hipercortisolemia (Purnell et al., 2004; Rask et al.,
2002).

En I'tltima decada la mesura de corticosterona en pel ha guanyat popularitat.
Aquesta mesura permet determinar els nivells de cortisol d'un individu d’una
manera integral, a llarg termini (mesos), a diferencia de les mesures explicades
anteriorment que es basen en determinacions a molt curt termini (hores), les quals
normalment estan influides per diversos parametres com ara l'activitat motora,
I'alimentacié o l'estat emocional. L’estudi del cortisol en pel ha revelat una
associacio positiva entre 1'obesitat i la cortisolemia a llarg termini (Abell et al., 2016;
Stalder et al., 2017; van der Valk et al., 2021). Tot i aix0, aquesta relacio es considera
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poc robusta, de manera que 'augment de cortisol en obesitat és lleuger (van der
Valk et al., 2021). En models animals d’OID també s’ha determinat que I’alimentacio
alta en grasses durant 4 setmanes indueix un augment en els nivells de

corticosterona en pel (Teeple et al., 2023).

Una altra variable important per estudiar com 1’obesitat afecta la funcié de I'eix
HPA és la resposta de cortisol a un estimul estressant. Els resultats son molt més
consistents a la literatura que els resultats de cortisolemia basal (Incollingo
Rodriguez et al.,, 2015). En individus obesos, el nivell d’estres fisic o emocional
generat pel dia a dia dels individus i determinat a través d’un qiiestionari genera
un augment de la cortisolemia major que en individus normopes (Rosmond et al.,
1998). Addicionalment, també s’ha determinat que 1'obesitat abdominal genera un
augment de cortisol en resposta a 1'estres més gran que 1'obesitat perifericaAquest
resultat es va relacionar amb la coexistencia d’alteracions provocades per I'obesitat

abdominal com ara la hiperinsulinemia basal (Vicennati & Pasquali, 2000).

iv. Concepte de menjar de confort o comfort food

Com s’ha comentat anteriorment, una de les principals causes del’augment de
la prevalenga de I'obesitat en les tltimes decades és 'augment de la disponibilitat
d’aliments saborosos i altament calorics. S’ha determinat que un estimul estressant
augmenta la ingesta d’aquests aliments (Groesz et al., 2012; Tryon et al., 2013).
Aquest fenomen es pot interpretar com a una automedicacié amb 1 objectiu
d’aconseguir els efectes ansiolitics de I’alimentaci6 saborosa (Dallman et al., 2005).
Aquest canvi en la ingesta degut a un estimul estressant ha fet que aquests aliments
saborosos i caloricament densos es considerin menjar de confort o comfort food
(Ulrich-Lai et al., 2015). Aquest terme reflexa la idea de que els aliments saborosos
tenen un efecte ansiolitic i de reduccié de I'estrés en ser capagos de reduir la resposta
de cortisol a un estimul estressant (Markus et al., 2000). Els efectes de la alimentacio
saborosa sobre una situacid d’estres emocional experimental, com un simulacre
d’entrevista de feina, es va determinar en 85 homes i dones normopes de 18 a 49
anys, i els resultats van indicar que una alimentacioé que els participants classifiquen
com a saborosa abans de I'estimul estressant redueix la resposta de cortisol (McKay
et al., 2021).

23

—
| —



1.7. Efectes de la ingesta i I’obesitat sobre la funci6 gustativa

Es considera que la sensibilitat i la intensitat de les sensacions gustatives canvien
amb la composici6 de la dieta (May & Dus, 2020). Una de les primeres evidencies
que es va tenir d’aquest fenomen en humans és el fet que una dieta baixa en sodi
genera a llarg termini una preferencia major per concentracions baixes de sodi
(Bertino et al., 1982). De forma similar, una ingesta alta en grasses resulta en un
augment dels llindars de deteccid per grasses, de manera que es pot desenvolupar
a llarg termini una disminucié de la resposta sensitiva a les grasses aixi com una
ingesta excessiva d’aquestes (Heinze et al., 2018). Un fenomen semblant també
ocorre amb la ingesta de sucres, de manera que una ingesta baixa en sucres
augmenta la intensitat sensorial percebuda (Wise et al., 2016). Aquests resultats
indiquen que la ingesta habitual d’un individu modula la seva percepcio6 gustativa.
Cal remarcar que aquest fenomen és independent de l'obesitat ja que aquests
estudis es van realitzar en individus no obesos (Bertino et al., 1982; Heinze et al.,
2018; Wise et al., 2016).

Tot i que la ingesta pugui modificar la percepcio gustativa independentment de
la composicié corporal, I'obesitat en si mateixa també te efectes sobre la funci
gustativa. Els estudis mostren que els individus obesos experimenten els estimuls
dolcos de forma menys intensa, encara que la seva avaluacié hedonica d’aquests
estimuls és més intensa (Bartoshuk et al., 2006). Addicionalment, individus no
obesos disminueixen la seva avaluacid hedonica de concentracions de glucosa
superiors a 1M (180 g/L), mentre que individus obesos 'augmenten (Rodin et al.,
1976). Cal remarcar pero, que l'estudi de la funcid gustativa en humans presenta
una alta heterogeneitat metodologica, de manera que hi ha estudis que mostren una
afectacid sobre el gust en individus obesos, mentre que altres reporten una manca
d’efecte (Ribeiro & Oliveira-Maia, 2021). Aquesta heterogeneitat metodologica
prové dels diferents tests que s"usen per al’estudi de la funci6 gustativa. Hi ha dues
estrategies complementaries: la primera tracta la intensitat sensorial com a un
concepte binari, de manera que el tastant s’identifica com a present o absent; la
segona considera la intensitat d'un estimul com a un constructe continu.
L’estrategia binaria s'usa principalment per la deteccid del llindar de deteccid
(concentracié minima a la que es detecta I'estimul). Hi ha varis tests que usen
aquesta estrategia binaria: (i) el metode dels limits, en que varies concentracions es

presenten de forma ascendent i el llindar es defineix com a la concentracié minima
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a la que es detecta I'estimul (Lawless, 2010); (ii) I'escala de decisi6 for¢ada entre
dues alternatives, on es presenten varies parelles d’estimuls (aigua i tastant),
inciant-se el test presentant aigua i el tastant a una concentraci6 a la que es pot
detectar, per posteriorment disminuir la concentracid del tastant fins que I'individu
no es capag de discriminar entre l'aigua i el tastant (Cornsweet, 1962); (iii) I'escala
amunt-avall, on es presenten varies concentracions de tastant, i quan un estimul
s’identifica positivament es presenta una concentracié menor, mentre que quan no

s’identifica es presenta una concentracié major (A. B. Watson, 1983).

La segona estrategia considera la percepcié com a un continu. En aquesta
categoria es troben: (i) l'estimacié de magnitud, en aquest test els subjectes es
presenten amb varies concentracions de tastant i han d’atribuir un nombre sense
una referencia previa a la intensitat percebuda de l'estimul (Stevens, 1956); (ii)
I'escala de categories, on es demana als subjectes que atribueixin un nombre
(generalment, 1 = absencia de tastant i 9 = gust extrem) a varies concentracions de
tastant (Peryam, 2017); (iii) 'escala de magnitud o hedonica marcada general, que
s'usa tant per mesurar intensitat de l'estimul com avaluacié hedonica, i que
consisteix en una serie de concentracions en les que hi ha una ancora superior
(sensaci6 mes forta imaginable o avaluacio hedonica mes alta experimentada), una
ancora inferior (intensitat tot just detectable o avaluacié hedonica més baixa
experimentada), i varies concentracions intermedies (Green et al., 1996; Lim et al.,
2009).

En models animals d’OID també es detecten alteracions en la conducta apetitiva
i en I'avaluacié hedonica que fan els animals a un estimul dolg¢. En rates hi ha varis
tests que s’usen per determinar la funcié gustativa. Entre aquests tests destaquen:
(i) el test de preferencia, on es presenten dues ampolles, generalment una amb aigua
i l'altra amb una concentracio del tastant, i que es pot usar per determinar la
conducta apetitiva i també com una mesura d’anhedonia (M. Y. Liu et al., 2018); (ii)
el test de reactivitat al tast, on es mesuren les conductes oro-facials generades per
un tastant, i que es pot usar per determinar 1’avaluacié hedonica associada a un
estimul (Berridge, 2000, 2009); (iii) el test d’accés curt, on es presenten varies
concentracions del tastant durant un periode de temps limitat, essent un dels tests

més complerts ja que permet realitzar una mesura addicional de la conducta
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apetitiva, a més de proporcionar informacié sobre la palatabilitat percebuda
(Johnson, 2018; G. P. Smith, 2001).

Els estudis amb models d’OID duts a terme amb rates en que s’ha determinat la
conducta relacionada amb el gust dolg indiquen que una alimentacio alta en grasses
durant 16 setmanes provoca un canvi en I’avaluacié hedonica que fan els animals a
diferents concentracions, de manera que aquesta avaluacié disminueix per
concentracions baixes i augmenta per concentracions altes. Addicionalment també
es detecta una disminucid en la conducta apetitiva, de manera que 1'esfor¢ que els
animals estan disposats a fer per aconseguir la recompensa disminueix a
concentracions baixes (Shin et al., 2011). Un altre estudi en que es va administrar
dieta CAF durant 12 setmanes també va determinar un augment de la preferencia
per concentracions altes, una disminucié de la conducta apetitiva amb un augment
de la latencia a interaccionar amb I'estimul, i una ingesta menor que els animals
control (Fam et al., 2022).

Cal remarcar que els estudis més complerts duts a terme sobre els efectes de
I’OID en la funcié gustativa s’han dut a terme majoritariament amb rates mascles
adults, i no s’ha trobat cap estudi que proporcioni una comparativa directe entre
sexes, de manera que, mentre que els efectes en mascles estan relativament ben

caracteritzats, hi ha poca bibliografia sobre els efectes en femelles.

i. Leptina i gust dolg

Un dels mecanismes implicats en els efectes de I’obesitat sobre el gust dolg és la
senyalitzacio leptinergica. El receptor de la leptina esta present tant en les cel-lules
sensorials de la llengua que detecten els estimuls dolgos (Gutierrez et al., 2020), com
al sistema de recompensa mesocorticolimbic, on aproximadament dues terceres
part de les neurones que expressen el receptor de leptina a I’area tegmental ventral
son dopaminergiques (de Vrind et al.,, 2021). En estudis amb rosegadors s’ha
demostrat que I'administracié de leptina indueix en les cellules sensorials T1R2/3
(heterodimer de T1R2 i TIR3 que composa el receptor del gust dolg) positives un
augment dels corrents de potassi, la qual cosa genera una hiperpolaritzaci6 de la
membrana, i fa que sigui necessari un estimul més potent per generar un potencial
d’accié (Yoshida et al., 2015). La leptina també ha demostrat tenir un efecte

supressor sobre la resposta del nervi de la corda timpanica a I’estimul dol¢ (Kawai
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et al., 2000). Aquests dos efectes podrien implicar que la leptina genera una
disminucio de la intensitat a la que es percep un estimul dolg.

En humans també s’ha descrit aquesta funci6 de la leptina com a moduladora
de la funcio gustativa. Els nivells de leptina en saliva en individus amb normopes
segueixen un cicle circadiari, de manera que comencen a augmentar al migdia i
arriben al punt maxim cap a la mitjanit, per després disminuir fins al mati (Randeva
et al., 2003). Aquest cicle circadiari de la leptina es pot modificar canviant el nombre
d’apats, de manera que si s’elimina el primer apat del dia (esmorzar), els nivells de
leptina comencen a augmentar al segiient apat (dinar), i si s’eliminen el primer i el
segon apat (esmorzar i dinar), aquests nivells comencen a augmentar també quan
es fa el segiient apat (sopar) (Nakamura et al., 2008). En individus amb normopes,
els llindars de deteccié per substancies dolces estan associats als nivells circulants
de leptina, de manera que en un cicle normal de 3 apats, els llindars de deteccio
segueixen el cicle circadiari de la leptina, i si aquest cicle es modifica, els llindars de
deteccio també ho fan (Nakamura et al., 2008).

En un estudi amb 36 homes i dones amb obesitat es va determinar que aquesta
relacié entre els nivells circadiaris de leptina i els llindars de detecci6 per a les
substancies dolces present en individus normopes es perd en individus obesos
(Sanematsu et al., 2018). En estudis in vitro amb cel-lules sensorials T1IR3-positives
de ratoli s’ha determinat que l'efecte supressor de la leptina sobre el gust dolg
presenta un efecte sostre (Yoshida et al., 2015). En individus obesos s’ha hipotetitzat
que els nivells basals de leptina son suficients per generar una supressié maxima
sobre els receptors del gust dolg, de manera que variacions en els nivells de leptina

no tindrien un efecte sobre el gust dol¢ (Sanematsu et al., 2018).

Aquests estudis proporcionen evidencies solides de la relacié de la leptina amb
la palatabilitat del gust dolg i les alteracions que poden haver en condicions
d’obesitat. Tot i aix0, els efectes que tenen les intervencions dietetiques i 1'exercici

sobre el gust dol¢ en condicions d’obesitat estan molt poc estudiades.

1.8. Obesitat, intervencions dietetiques i d’exercici, i funcid cognitiva

L’ obesitat també esta relacionada amb la funcid cognitiva. Una cerca recent a la
base de dades PubMed amb les paraules clau “Obesity” i “Cognition” mostra més
de 10.000 resultats.
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En estudis en els que s’ha induit I'obesitat a través de dieta CAF s’ha detectat un
deficit en el laberint aquatic de Morris, de manera que els animals obesos aprenen
la tasca pitjor que els animals control i presenten menys memoria sobre a quin
quadrant del test esta situada la plataforma (Ferreira et al., 2018; Lewis et al., 2019).
Un resultat semblant sobre la memoria espaial també s’ha obtingut utilitzant un test
de reconeixement de localitzacio, de manera que els animals CAF presenten una
capacitat reduida de recordar la localitzacié d"un objecte en un camp obert (Kendig
et al,, 2019). Tot i que I'obesitat en si estigui relacionada amb el deficit cognitiu i
amb un augment del pes corporal i de 'adipositat (Ferreira et al., 2018; Kendig et
al., 2019; Lewis et al., 2019), en altres estudis s’ha detectat que 'administracié aguda
de dieta alta en grasses durant 7 dies no genera un augment del pes corporal, pero
si que disminueix la capacitat de recordar la localitzacié d"un objecte en el camp
obert (Khazen et al., 2019). Cal remarcar que tots aquests experiments s’han dut a
terme amb mascles i que els pocs estudis fets amb ambdos sexes sobre els efectes de
I’OID indiquen que les femelles presenten una resistencia major que els mascles als
efectes sobre la funcié cognitiva (Mezo-Gonzdlez et al., 2022). Tot i aix0, 'estudi en

femelles de I'efecte de la dieta CAF sobre la funcié cognitiva és molt limitat.

En humans una relaci6 semblant entre obesitat i memoria també esta
documentada (Loprinzi & Frith, 2018), de manera que hi ha una relacié negativa
entre el pes corporal i el IMC, i la memoria episodica. En humans, un augment del
IMC s’ha relacionat amb una disminuci6 de la funci6é cognitiva, de manera que
individus amb un IMC major presenten més dificultat per aprendre una llista de
paraules i per recordar-les (Cournot et al., 2006). Aixi mateix, també s’ha reportat
una disminucié en memoria episodica, de manera que individus amb un IMC major
recordaven menys informacio sobre certs objectes i la seva localitzaci6 (Cheke et al.,
2016).

i. Efectes de les intervencions sobre la funcié cognitiva
Els efectes de les intervencions dietetiques sobre la funci6 cognitiva en individus
obesos sans es van recollir en un meta-analisi recent (McEvoy et al., 2019). que
inclou 15 assajos clinics en que es va dur a terme una intervencio6 dietetica a llarg
termini (de 6 mesos a 8 anys), i dades de 9000 persones entre 18 i 80 anys. L’estudi
va concloure que amb les intervencions hi havia millora en funcié cognitiva global,

en funcio executiva i en velocitat de processament, pero no en memoria. En un altre
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estudi, fet en individus obesos d’edat avangada (més de 60 anys) amb deficit
cognitiu, una intervenci¢ dietetica de restriccid calorica durant un any va disminuir
el IMC, i aquesta disminucid es va associar a una millora en la memoria verbal, la
fluidesa verbal i la funcié executiva (Horie et al., 2016). Aquests resultats son
consistents amb els d’altres estudis fets en humans (Espeland et al., 2018; Peven et
al.,, 2020; Soldevila-Domenech et al., 2021) i en animals (Grayson et al., 2014; Rojic-
Becker et al., 2019, 2021).

Els efectes de 'exercici fisic sobre la funci6 cognitiva s’han estudiat en gent gran
amb 1’objectiu de determinar si I’exercici té un efecte protector sobre les alteracions
cognitives associades a I'envelliment. Shan dut a terme diversos meta-analisis
analitzant els efectes de I'exercici sobre la memoria, la flexibilitat cognitiva i la
funcié cognitiva global, i de forma consistent s’ha obtingut un resultat positiu,
independentment de la modalitat d’exercici estudiada (Gallardo-Gémez et al., 2022;
Sanders et al., 2019; Wilke et al., 2019; Xiong et al., 2021). D’aquests estudis es pot
concloure que l'exercici de resistencia sembla tenir un efecte més marcat que les
altres modalitats (Gallardo-Gomez et al., 2022; Wilke et al., 2019), i que aquest efecte
no presenta una relacié dosi-resposta marcada, de manera que la durada de les
sessions d’exercici no afecta de forma important els resultats (Sanders et al., 2019).

Tot i que els efectes de I'exercici sobre la cognicié s’han estudiat extensivament,
la bibliografia en persones obesess amb una intervencié dietetica és limitada i
només s’ha trobat un assaig clinic en el que es comparen els efectes d'una
intervencid dietetica i els d’una intervencio d’exercici soles i combinades (Napoli et
al,, 2014). En aquest estudi es van reclutar 107 individus obesos (IMC major de 30)
d’edat avancada (més de 65 anys) i amb un estil de vida sedentari. Aquestes
persones es van distribuir en grups per tal de determinar els efectes de: 1) una
restriccio calorica diaria de 500-750 kcal, 2) una intervencio d’exercici fisic aerobic i
de resistencia, amb sessions supervisades de 90 minuts 3 dies a la setmana, i 3) una
combinacié d’ambdues intervencions . Aquestes intervencions es van mantenir
durant 1 any. Els resultats indiquen que la intervencié d’exercici fisic té efectes
majors sobre la funcié cognitiva global, mesurada a través del test Modified Mini-
Mental State Examination, 3MS, que analitza components d’orientacid, registre,
atencid, llenguatge i memoria immediata i diferida, que la intervencié dietetica, i
que la combinacid de les dues intervencions no té efectes majors que la intervencio

d’exercici per si sola.
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En models animals d’OID els efectes d’una intervencié combinada amb un
tractament dietetic i d’exercici fisic sobre la funcid cognitiva també estan poc
estudiats. S’ha descrit que la combinacié d’un tractament dietetic (canvi de dieta
alta en grasses a dieta de manteniment) i d’exercici al tapis rodant (25m/min, durant
15 minuts, 5 dies a la setmana durant 6 setmanes) en rates obeses és més efectiva
que les intervencions soles a 'hora de revertir els efectes de I'obesitat sobre la tasca
de reconeixement d’objectes (Pratchayasakul et al., 2022). En canvi, en un altre
estudi on també es van combinar una intervencid dietetica (canvi de dieta alta en
grasses a dieta de manteniment) i una intervencié d’exercici fisic al tapis rodant
(14m/min, durant 1h, 5 dies a la setmana durant 8 setmanes) en rates obeses, la
intervencié combinada no va resultar en una millora significativa en el laberint
aquatic de Morris comparada amb 1’exercici sol, mentre que si va generar efectes
positius comparada amb la intervenci6 dietetica sola (Woo et al., 2013). Aquestes
diferencies poden ser degudes al test utilitzat, la funcié cognitiva que es vol
determinar i la tasca de memoria subjacent, ja que en el primer estudi citat es du a
terme en un laberint aquatic que mesura capacitat d’orientacid espacial i en Ialtre,
un test de reconeixement d’objectes nous que mesura la identificacio d’objectes nous
respecte objectes coneguts en una exposicié anterior. A més, les intervencions
d’exercici d’ambdds estudis també difereixen, de manera que en el primer es va usar
una intensitat de 25m/min, que es pot considerar una intervenci6 d’alta intensitat,
(Pratchayasakul et al., 2022), mentre que en el segon se’'n va usar una de 14m/min,
considerada d’intensitat moderada (Woo et al., 2013)..
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2. Hipotesis i Objectius
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La hipotesis d’aquest treball és que una intervenci6 dietetica basada en una
dieta de cafeteria restringida en calories administrada sola o combinada amb una
intervencid d’exercici fisic d’intensitat moderada al tapis rodant, reverteix, al menys
parcialment, les alteracions a nivell biometric, metabolic i conductual de I'obesitat

induida amb una dieta de cafeteria en rates Long-Evans.

L’objectiu general que es planteja per tal de validar o descartar aquesta hipotesi
consisteix en avaluar en rates mascle i femella amb obesitat induida per dieta de
cafeteria, l'eficacia d’un tractament dietetic i d’una intervencio d’exercici fisic sobre
marcadors de sindrome metabolica, sobre la conducta ansiosa i funcié de 1’eix HPA,

i sobre la conducta relacionada amb la ingesta de solucions de sucrosa.

Els objectius especifics son:

1. Determinar els efectes del tractament dietetic i de la intervencié d’exercici
fisic sobre les mesures biometriques, la composicid corporal, la ingesta
alimentaria i els parametres metabolics relacionats amb 1'obesitat.

2. Avaluar els efectes del tractament dietétic i de la intervencié d’exercici fisic
sobre l'activitat locomotora basal, la conducta exploratoria, la conducta
ansiosa i la funcié de I'eix HPA.

3. Determinar els efectes del tractament dietetic i de la intervencié d’exercici
fisic sobre la conducta apetitiva i hedonica relacionada amb el gust dolg.

4. Avaluar els efectes del tractament dietetic i de la intervencié d’exercici fisic
sobre la conducta de reconeixement d’objectes nous i canvis de localitzacio.
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3. Resultats




3.1. Capitol 1: Efectes de la dieta de cafeteria restrictiva i l’exercici fisic en
rates mascle sobre la conducta exploratoria, la conducta ansiosa, 1’activitat

locomotora basal i I’eix HPA.

Els continguts d’aquest capitol han sigut publicats amb data 15 de Novembre de
2022 a la revista Scientific Reports en I'article titulat “Restrictive cafeteria feeding
and treadmill exercise improved body composition, metabolic profile and
exploratory behavior in obese male rats”. La referencia completa d’aquest article és:
Alvarez-Monell A, Subias-Gusils A, Mariné-Casadé R, Belda X, Gagliano H, Pozo
OJ, Boqué N, Caimari A, Armario A, Solanas M, Escorihuela RM. Restricted
cafeteria feeding and treadmill exercise improved body composition, metabolic
profile and exploratory behavior in obese male rats. Sci Rep. 2022;12(1):19545.
doi:10.1038/s41598-022-23464-7.

En aquest estudi es van dur a terme un test d’activitat basal o actimetria (Home
Cage Activity, HCA), un test de la taula de forats (Hole Board, HB) i un test en el
laberint en creu elevat (Elevated Plus Maze, EPM) amb 1’objectiu d’analitzar I’activitat
locomotora basal, I'activitat exploratoria i la conducta ansiosa respectivament. Aixi
mateix va estudiar l'eix HPA mitjancant la determinacié dels nivells de
corticosterona i hormona adenocorticotropa (ACTH) basals i en resposta a una
situacié d’estres moderat, com és I'exposicio a un ambient nou (durant 15 minuts al
HB), aixi com dels nivells de corticosterona en pel amb 1’objectiu d’estudiar aquest

eix hormonal a llarg termini.
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Restricted cafeteria feeding

and treadmill exercise improved
body composition, metabolic
profile and exploratory behavior
in obese male rats

Adam Alvarez-Monell%2, Alex Subias-Gusils%3, Roger Mariné-Casadé*, Xavier Belda%3,
Humberto Gagliano??, Oscar J. Pozo® Noemi Boqué“, Antoni Caimari“, Antonio Armario?>,
Montserrat Solanas'?** & Rosa M. Escorihuela®>"*

The aim of this study was to evaluate, in male Long-Evans rats, whether a restricted-cafeteria diet
(CAFR), based on a 30% calorie restriction vs continuous ad libitum cafeteria (CAF) fed animals,
administered alone or in combination with moderate treadmill exercise (12 m/min, 35 min, 5 days/
week for 8 weeks), was able to ameliorate obesity and the associated risk factorsinduced by CAF
feeding for 18 weeks and to examine the changes in circadian locomotor activity, hypothalamic-
pituitary—adrenal (HPA) axis functionality, and stress response elicited by this dietary pattern.In
addition to the expected increase in body weight and adiposity, and the development of metabolic
dysregulations compatible with Metabolic Syndrome, CAF intake resulted in a sedentary profile
assessed by the home-cage activity test, reduced baseline HPA axis activity through decreased
corticosterone levels, and boosted exploratory behavior. Both CAFR alone and in combination with
exercise reduced abdominal adiposity and hypercholesterolemia compared to CAF. Exercise increased
baseline locomotor activity in the home-cage in all dietary groups, boosted exploratory behavior in
STD and CAF, partially decreased anxiety-like behavior in CAF and CAFR, but did not affect HPA axis-
related parameters.

The prevalence of obesity and overweight is increasing and poses a major health burden worldwide'. Obesity has
several associated metabolic and hormonal alterations, which lead to Metabolic Syndrome (MetS) and increase
cardiovascular and cancer risks among others>*. Several behavioral alterations have also been described, includ-
ing circadian dysregulation*?, altered cognitive function®” and anxiety®’, both in rodents and humans.

Several experimental models have been used to study obesity'’. Cafeteria (CAF) diet, in which animals are
fed several high-fat and high-sugar components of human diets, is one of the most robust models of diet-induced
obesity (DIO)'"*2. It is a model with face validity for human obesity'?, inducing hedonic eating due to the high
palatability of its ingredients, and leading to altered eating behavior such as snacking and hyperphagia'''2'*3.
Moreover, CAF diet generates more severe MetS symptoms than other experimental diets'®"".

CAF diet simulates the intake of comfort food in humans, which has been shown to have an anxiolytic
effect and to decrease the glucocorticoid response'®. In rats, seven days of palatable food intake reduced plasma
adrenocorticotropic hormone (ACTH) and corticosterone responses to restraint stress'’. Studies have shown
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that, rather than the macronutrient composition, it is the choice, liking, and palatability of the food that induces
these effects, both in rodents? and in humans?'.

Clinically, obesity is treated through dietary and exercise interventions, aimed at reducing energy intake and
increasing energy expenditure, anti-obesity medications, and bariatric surgery in severe cases??. The widely used
dietary interventions consist of changing diet quantity and quality to decrease adiposity and MetS markers*2.
However, these interventions tend to have low adherence® and can generate stress and anxiety due to lower diet
satisfaction®.

We have characterized a calorie-restricted CAF (CAFR) diet based on the same palatable foods of CAF but
with a 30% calorie restriction relative to the energy intake of CAF animals. A 30% was chosen because 15-30%
restriction over the usual diet is the recommended for dieting in human obesity management®. It has been
proposed as a realistic and precise approach to evaluate the anti-obesity effect of a caloric restriction-based
intervention combined with other therapeutic strategies. This diet decreases energy intake and ameliorates the
biometric, metabolic, and hormonal imbalances associated with MetS?”. We have also shown that CAFR diet,
especially when supplemented with the polyphenolic compound oleuropein, has additional beneficial effects on
sweet taste function, which is altered in obesity®. This diet models obese and overweight individuals with partial
success and eating relatively often the not recommended cafeteria products while dieting. The little portions of
those cafeteria items would increase and maintain adherence.

A corrective intervention such as physical exercise generates an overall healthier profile by improving car-
diovascular function and decreasing the risk of developing type 2 diabetes among other benefits*~*'. Moder-
ate combined aerobic and resistance exercise programs can modestly contribute to weight loss and metabolic
health, which are mainly induced by low-calorie diets*, and have been shown to reduce depression and stress
scores in humans*. The Norwegian HUNT cohort study involved a healthy cohort of 33,908 adults which were
followed up for 11 years and linked regular leisure-time physical activity (LTPA; walking, jogging, swimming)
to a reduced incidence of depression™.

In rats, the effects of treadmill exercise on body weight are inconsistent, with publications reporting a mild
decrease™ or no effects’?”. However, regardless of body weight changes, an improvement in obesity-related
metabolic dysfunctions (muscle triacylglycerides content or renal function) has been shown***”. More specifi-
cally and pertaining to the task at hand, treadmill exercise in rats reverted impairments in stress-coping induced
by CAF feeding and decreased anxiety-like behaviour®.

Here we aimed at characterizing the effects of CAF and CAFR feeding as well as an exercise intervention upon
biometric and metabolic parameters, circadian locomotor activity, exploratory and anxiety-like behavior, and
HPA axis function in obese male Long-Evans rats. We hypothesized that CAFR would partially revert the effects
of ad libitum (a.l.) CAF induced behavioral and hormonal changes in the HPA axis, and that treadmill exercise
should further palliate the obese phenotype in CAFR fed animals to a greater degree than in CAF fed animals.
We used an experimental design in which CAF diet was administered for 10 weeks from weaning onwards to
induce obesity compared to standard chow, and then dietary and exercise interventions were applied for 8 weeks,
after which behavioral testing was performed.

Methods

Animals. We used 60 male Long-Evans rats (Janvier, France) 23-25 days-old upon arrival. Animals were
housed in pairs in standard Plexiglas cages, maintained under a 12:12 h light-dark cycle (lights on at 8 h) in
standard conditions (temperature: 21+ 1 °C; humidity 50+ 10%) and allowed 1 week of habituation to the animal
room. After the habituation, they were randomly assigned to two groups balancing mean body weight (BW):
Standard (STD), n=20, BW =79.58 +2.03 g; and CAF, n=40, BW =79.60 +1.36 g. From week 10 onwards, ani-
mals were housed individually to measure diet consumption. The experimental protocol was approved by the
Generalitat de Catalunya (DAAM 9978), following the ‘Principles of laboratory animal care’ and was performed
in accordance with the European Communities Council Directive (2010/63/EU). The present study is reported
in accordance with ARRIVE guidelines.

Experimental design. We used a 3x 2 factorial design with Diet (STD, CAF, and CAFR) and Exercise
(Control -C- and Exercise -E-) as factors (Fig. 1). Once obesity had been induced by the administration of
CAF diet for 10 weeks, animals were randomly allocated to the following groups, balancing mean BW: STD-
C, n=10, BW=373.2+6.1 g; STD-E, n=10, BW=3747+5.2 g; CAF-C, n=10, BW=413.9+10.0 g; CAF-E,
n=10, BW=412.0+82 g; CAFR-C, n=10, BW=413.4+10.1 g and CAFR-E, n=10, BW=411+6.3 g. Inter-
ventions were maintained throughout the experiment. Animals were weighed weekly, and nose-to-anus
length (NAL) and abdominal circumference (AC) were measured every two weeks. Lee Index [((BW(g)*1/3)/
(NAL(cm)-10))-10000] was also calculated biweekly. Food intake was calculated every week as the difference
between food provided and the remainder the day after. At weeks9 and 17 we performed the home cage activity
(HCA) test and at week 18 the hole board (HB) and the elevated plus maze (EPM) tests. At week 23 animals were
sacrificed by decapitation after an 8-h fast. Fasting started in the morning at 7 h, leaving 20 min between animals,
and sacrifices were carried out between 15 and 18 h. The following tissues were collected and weighed: adrenal
glands, thymus, white adipose tissue -WAT- depots (inguinal, retroperitoneal, epididymal and mesenteric), and
soleus and gastrocnemius muscles. Blood was collected and serum was obtained by centrifugation at 2000 g for
15 min and stored at — 80 °C until further analysis. Between weeks 19 and 22 animals performed a set of behav-
ioral tests unrelated to the present study being prepared for publication in an independent paper.

Diets. During the obesity-induction period of the experiment, the STD group was fed standard chow a.l.
whereas the CAF group was fed CAF diet a.l,, and all animals had access to tap water a.L. The amount of CAF
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Daily exercise in a treadmill (12 m/min), 35 minutes/session, 5 times a week.

Figure 1. Experimental design showing groups, diets, and behavioral tests. Hair growth period refers to
the period in which hair was allowed to regrow to be collected for the hair corticosterone study, see “Hair
corticosterone” for details. HCA Home-Cage Activity; HB Hole Board; EPM Elevated Plus Maze; TN Tail nick.

items provided was progressively raised during the first 8 weeks to match the growth of the animals (Table S1).
From week 10 onwards, the CAF diet consisted of (average quantities per rat/day): bacon (8 g), biscuits + paté
(5g), biscuits + cheese (5 g), muffins (7 g), carrots (8 g), jellied sugared milk (a mixture of milk, sugar, and neutral
gelatine with a solid consistency) (45 g), and standard chow (25 g). The amount of food and energy administered
daily were 103 g and 246 kcal respectively, and the caloric distribution was: 10.5% protein, 39% fat and 50.5%
carbohydrates. The caloric content of the standard chow (Teklad Global 14% protein rodent diet 2014, Envigo,
US) was 290 kcal per 100 g, and its caloric distribution was: 20% protein, 13% fat and 67% carbohydrates.

The CAFR diet was based on the same items as the CAF diet, but the amount of each item was readjusted
weekly to match a 30% calorie-restriction relative to the mean energy intake of the CAF group. The quantities of
CAF items provided were (averaged quantity per rat/day): bacon (3.4 g), biscuits + paté (3.3 g), muffins (1.8 g),
carrots (7.6 g), jellied sugared milk (12 g) and standard chow (13 g). The average amounts of food and energy
administered per day were 41 g and 97 kcal respectively, and the caloric distribution was: 12% protein, 38% fat
and 50% carbohydrates. All food was renewed daily.

Treadmill training. Training was performed in a treadmill (Columbus instruments, Columbus, OH,
USA) placed in a separate room with mild lighting. The apparatus consisted of 3 separated parallel runways
(45x11x 12 cm), topped by Plexiglas. Two identical apparatuses were used for the training with one animal
from each diet group. Non-exercised animals were placed in the treadmills at an intensity of 0 m/min. This
exercise paradigm was chosen over others in order to ensure all animals followed the same training procedure in
terms of frequency, session duration and number, and intensity.

Training began at week 10, with daily training sessions 5 days/week (from Sunday to Friday). No training
was performed during the behavioral testing days. The intensity was raised progressively from sessions 1 to 12
(Table S2). From session 13 onwards, all sessions started at an intensity of 6 m/min which was raised 1 m/min
every minute until reaching an intensity of 12 m/min. From that point on, the intensity was maintained until
minute 30, during which the animals ran approximately 341 m, then the intensity was lowered to 8 m/min. Ses-
sions ended at minute 35, at an approximate total distance of 381 m. This intensity was chosen since animals can
perform this exercise without needing aversive stimulation to run (i.e. electric shock)***; and higher intensities
can be considered an stressor on the animals™. Eight weeks were chosen as the duration of the intervention since
similar durations have provided positive results previously™.

Serum analyses. Enzymatic colorimetric kits were used for the determination of serum total cholesterol,
triglycerides, and glucose (QCA, Barcelona, Spain), HDL-cholesterol and LDL-cholesterol (Bioassay systems,
CA, USA) and non-esterified free fatty acids (NEFAs) (WAKO, Neuss, Germany). Serum insulin and leptin
levels were measured using a mouse/rat insulin ELISA kit (Millipore, Barcelona, Spain) and a rat leptin ELISA
kit (Millipore). The homeostasis model assessment-estimated insulin resistance (HOMA-IR) was calculated fol-
lowing the formula*: HOMA-IR = Glucose(mM) X Insulin(mU/L)/22.5.

Behavioral testing. Home cage activity (HCA). Two identical sound-proof HCA apparatuses were used
to determine basal circadian locomotor activity at weeks 9 and 17 (Fig. 1). Each apparatus contained two identi-
cal home-cages (40x23x 18 cm) made from transparent Plexiglas (Med Associates Inc., USA). Animals were
tested from 15 to 10 h of the following day, with normal light cycles. An infrared camera 43 cm above the top
of the cages recorded the session and the computer recorded the distance travelled (cm) in 1 min bins that were
collapsed to obtain the distance travelled each hour. Data were analysed into two periods, one for the lights on
period (ON, from 16 to 19 h and from 8 to 10 h) and one for the lights OFF period (OFF, from 20 to 07 h). Data
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Figure 2. Effects of dietary interventions and exercise on biometric parameters and mean energy intake. (a)
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Smirnov tests, respectively. Data at week 10 (BW, Lee Index, AC, mean energy intake and HCA data) were
analysed with the Mann-Whitney U test due to different group sizes. Data collected at one time point (BW,
Lee Index, AC, energy intake, adrenal gland and thymus weight, hormonal response to the HB, HB and EPM
and hair corticosterone) were analysed with 2 two-way ANOVAs, the first one comparing the groups STD and
CAF [diet (STD, CAF) x exercise (C, E)], and the second one comparing the groups CAF and CAFR [diet (CAE,
CAFR) x exercise (C, E)]. This approach allowed better determination of the effects of CAF feeding and exercise
compared with STD and control animals, and separation of the effects of CAFR feeding and exercise compared
with the obese CAF fed animals. In case significant diet effects appeared on the 2nd two-way ANOVA revealing
that CAFR feeding might have beneficial effects on obese cafeteria fed animals, an additional two-way ANOVA
comparing STD and CAFR diets was performed. This final analysis allowed us to determine whether CAFR feed-
ing had returned obese animals to the STD conditions or there were still differences between them. Finally, data
comprising several time points (HCA, basal hormones) were also analysed with 2 two-way repeated measures
ANOVAs, with time as the within-subject factor and diet and exercise as the between-subjects factors. Both
within-subject and between-subject factor analyses allowed detection of differences over the time points and
overall, respectively.

Results
CAFR Feeding and exercise palliated the effects of CAF feeding on biometric parameters. We
first characterized the effects of CAF feeding upon several biometric and energy intake parameters at week 10,
immediately before the interventions, and week18, immediately before behavioural testing (Fig. 2).

At week 10, CAF fed animals showed higher BW, Lee Index and AC than STD fed animals [BW: U=91;
P <0.001; Lee Index: U= 203, p=0.003; AC: U= 202; p=0.003]; and displayed a 2.46-fold increase in mean daily
energy intake [U=55; p <0.001]. At week 18, CAF feeding increased BW, Lee Index, AC and the average energy
intake compared to STD feeding [diet: BW: F(1,39) = 36.981, p<0.001; Lee Index: F(1,39) =23.634, p<0.001;
AC: F(1,39) = 35.610, p <0.001; average energy intake: F(1,39) = 599.540, p< 0.001]. Neither exercise nor the
diet*exercise interaction exerted any effect upon these variables.
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"WAT absolute weight (

Inguinal 2178+146 |1968+1.72 |3626+184 |38.33+301 |3560+156 |29.64+1.91 |D*** D*
Retroperitoneal 10904057 | 892+0.65 |2037+1.12 |19.23+093 |1732+070 |1646+0.99 |D*** D*
Mesenteric 8.184047 | 7.33+067 | 12324053 |11.47+060 |1056+0.39 |1058+0.48 |D*** D*
Epididymal 7424024 | 668+0.33 |12.14+065 |1241+050 |1132+0.35 |11.00+0.36 |D*** D
Abdominal 2650+1.16 |2293+1.56 |44.84+196 |4312+187 |3921+1.27 |3805+1.67 |D*** D™
Total 4828+2.54 |4261+3.12 |8L11+350 |8145+483 |7481+257 |6770+286 |D*** D**
Muscle absolute weight (g)

Soleus 0.18+001 | 017+0.01 | 018+001 | 0.17+001 | 0174001 | 0.17+0.01 |- -
Gastrocnemius 2304004 | 229%0.02 | 236005 | 231£007 | 223+005 | 218+0.05 |- D
:fi';hf‘t"(lg;)“d absolute | 39501964 | 40404215 |[39.89+237 |4133%323 |4044+1.04 |3856209 |- -
?ﬂg‘;‘““bs“““‘“i@‘ 13544 12449 151+ 12 14712 15049 12847 - -
WAT relative weight (g/100 g)

Inguinal 4574025 | 415029 | 651027 | 6.84+040 | 663+029 | 5644032 |D*** -
Retroperitoneal 229+009 | 188+0.11 | 3.66+017 | 3.45+0.11 | 323+0.14 | 3.12+0.15 |D*** E* D
Mesenteric 17240.08 | 154+0.11 | 2214006 | 205+007 | 196+0.06 | 201+0.05 |D** D*
Epididymal 156+0.03 | 141+0.06 | 2.18+009 | 2234005 | 211%0.06 | 209+006 |D*** ~
Abdominal 558+0.11 | 485+026 | 8.05+025 | 773+0.19 | 7314024 | 723+022 |D*** E* D*
Total 1015£041 | 9.01+052 |[1457+045 |1458+0.58 |13.94+048 |12.87+039 |D"** D*
Muscle relative weight (g/100 g)

Soleus 0.038+0.002| 0.037+0.002| 0.034+0.001| 0.031+0.001 | 0.033+0.001| 0.033+0001 | D** =
Gastrocnemius 048+0.01 | 048+001 | 0.42+001 | 041002 | 041+0.01 | 041+001 |D** =
\Av:lilgel;?: ggﬂg;‘;;‘ﬁ“ 836+0.57 | 865+056 | 7.19+0433 | 7454059 | 755+0.28 | 7.39+046 |D* -
'(Il:;,“;gj)::"f‘)‘“‘ weight | 05571097 | 2634181 | 27164215 | 2655237 |28.204203 |24.60+166 |- -

Table 1. Effects of dietary interventions and exercise on the absolute (g) and relative weight (g/100 g) of white
adipose depots, skeletal muscle, adrenal gland and thymus at the end of the experiment. The two last right
columns indicate the significant ANOVA results for analyzed factors (D Diet; E Exercise; DxE Diet*Exercise
interaction; *p <0.05; **p<0.01; ***p <0.001). Data are mean + SEM. Abdominal WAT was calculated as the
sum of the retroperitoneal, epididymal and mesenteric depots. WAT: White Adipose Tissue.

On the other hand, CAFR significantly decreased AC and mean energy intake [diet: AC: F(1,37) =4.980,
p=0.033; energy intake: F(1,37) = 599.54, p <0.001] compared to CAF. No effect on BW or Lee Index was found.
No exercise or diet*exercise effects were found.

CAFR feeding and exercise improved body composition and serum obesity-related biomark-
ersin obese animals. Asshown in Table 1, CAF feeding increased all WAT depots (inguinal, retroperito-
neal, mesenteric and epididymal), both in absolute (g) and relative weight (g/100 g of body weight) compared to
STD. On the other hand, CAF feeding decreased relative weight of the soleus and gastrocnemius skeletal muscles
but did not affect their absolute weights. CAF feeding also decreased the relative weight of the adrenal gland but
did not affect the thymus weight. Regarding exercise in STD and CAF fed animals, it decreased relative retrop-
eritoneal adiposity, and more notably the relative total abdominal WAT (sum of retroperitoneal, epididymal and
mesenteric fat depots).

As for the CAFR feeding, it reverted the effects of CAF on adipose tissue depots, specifically by decreasing
their absolute weight, while also decreasing the gastrocnemius absolute weight.

The analysis of obesity-associated serum parameters (Table 2) showed that CAF feeding increased glucose,
triacylglycerides, insulin, HOMA-IR, leptin, adiponectin, and the leptin/adiponectin ratio compared to STD
feeding. Total cholesterol and HDL-cholesterol were reduced, but LDL-cholesterol was increased in the CAF
group. Exercise decreased total and HDL-cholesterol in STD and CAF fed animals, and increased leptin levels
specifically in CAF animals. CAFR feeding decreased total cholesterol and leptin levels compared to CAE The
detailed results of the 1st and 2nd two-way ANOVA analyses of body composition and serum parameters are
shown in supplementary Tables S3 and S4.

CAEFR diet differed significantly from STD diet in all the variables showing CAF versus CAFR differences
in the 2nd two-way ANOVA. This indicates that CAFR feeding did not recover the obesity alterations on those
biometric, tissues weight and serum parameters to the level of STD feeding (see supplementary Table S6).
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Glucose (mg/L) 1027 +£21 1083 +38 1186+37 1125+44 1143+42 107129 | D** -
Triacylglycerides (mg/L) 1175+127 1216 £201 1688 +183 1830+208 1466 +198 1611+208 |D** =
Cholesterol (mg/L) 872145 742+45 746 +31 686+39 661+31 596+39 | D* E* D*
LDL-Cholesterol (mg/L) 193+17 224428 246127 26119 244439 218+28 |D* -
HDL-cholesterol (mg/L) 785141 672+25 601+31 522435 54022 492+26 D#HEY =
NEFAs (mM) 0.72£005 | 0.64+004 | 065006 | 0.62+0.03 | 062+0.02 | 0.63+0.04 |- -
Insulin (pg/L) 1.93+£0.20 1.56+0.29 336+0.35 3.76+0.50 | 295+0.46 | 289+0.36 |D*** =
HOMA-IR 12274130 |17.7247.74 |2454+2.90 |25.18+2.80 |21.05+3.64 [19.23£265 [D*** -
Leptin (ng/mL) 31.47+284 |3001+8 59.42+5.33 [78.38+6.36 |59.544.14 |54.9116.65 |D***,DxE** D*, DxE*
Adiponectin (pg/mL) 25.75+1.37 |2329+1.07 |28.68+1.32 |30.83+1.59 [29.67+1.13 |28.22+186 |D** -
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Table 2. Effects of dietary interventions and exercise on serum parameters. The two rightmost columns
indicate the significant ANOVA results for analyzed factors (D Diet; E Exercise; DxE Diet*Exercise interaction;
*p<0.05; *p<0.01; ***p<0.001). Data are mean+ SEM. NEFAs Non-sterified fatty acids; HOMA-IR
Homeostatic model assessment-estimated insulin resistance.
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Figure 3. Effects of dietary interventions and exercise on circadian activity. Two Home-Cage Activity tests
were performed at week 9 and week 17. (a) Average hourly distance traveled (cm) for the ON and OFF periods
in both time points (week 9, -Pre, and week 17). (b) Hourly distance traveled (cm) for the ON and OFF (grey
square area) periods at week 9. (c) Hourly distance traveled (cm) for the STD and CAF, control and exercised,
groups at week 17. (d) Hourly distance traveled (cm) for the CAF and CAFR, control and exercised, groups at
week 17. Values are mean + SEM. $$$p<0.001 versus ON period, *p<0.05 versus STD. **p <0.01 versus STD.

CAF and CAFR feeding decreased, and exercise marginally increased circadian locomotor
activity. To determine whether obesity affected circadian locomotor activity, we performed the HCA test at
weeks 9-10. We first analysed the average distance travelled over the lights ON and lights OFF periods (Fig. 3A).
As expected, average activity in the OFF period was higher than in the ON period [period: F(1,54)=187.851,
P<0.001], with no interaction with the diet. We then analysed the hourly activity over the OFF and ON periods
separately. The activity changed over the OFF period hours (Fig. 3B) [hour: F(11,594) =8.750, p <0.001], but no
interaction with the diet was found. However, we noticed that the CAF fed animals appeared to decrease their
activity during the last 4 h of the OFF period (from 04h until 08h). So, we analysed the total activity of this
4 h-period (Fig. 3B) and found that the CAF animals were less active compared to the STD animals [U=219;
p=0.016]. Regarding the ON period (Fig. 3B) we found a tendency for activity to change over time [hour:
F(5270) = 2.335, p=0.051], with no effect of diet.

Scientific Reports|

(2022)12:19545 | https://doi.org/10.1038/s41598-022-23464-7 nature portfolio

40

—
| —



www.nature.com/scientificreports/

A

.ﬂ
'4

P
$5% 5SS

=
>
=
°
=

-
N
&

N
&

e
e
el
corticosterone (ng/mL)
sEEEF
=129
I, Tote—

corticosterone (pg/mg hair)

mm STD-C mm CAF-C mm CAFR-C
NN STD-E o\~ CAF-E N\N CAFR-E

Figure 4. Effects of dietary interventions and exercise on circadian baseline levels of plasmatic corticosterone
and ACTH, and hair corticosterone levels. (a) ACTH (pg/mL). (b) Corticosterone (ng/mL). (c) Hair
corticosterone (pg/mg hair). Values are mean+SEM. $$$p <0.001 versus AM levels; **p<0.01 versus STD.

To analyse whether the CAFR diet and/or treadmill exercise affected locomotor activity, we performed a
second HCA test at week 17. We first compared the average distance travelled at weeks 9 and 17 and found an
overall decrease at week 17 [F(1,50) = 148.06, p <0.001]. Thus, as it can be seen in Fig. 3A, animals overall dis-
played an average distance reduction from 496 at week 9-10 to 300 cm/h at week 17 during the ON period, and
from 860 at week 9-10 to 466 cm/h at week 17 during the OFF period.

Secondly, the average distance travelled during the ON and OFF periods were analysed (Fig. 3A). In the
CAF and STD animals we found activity to increase in the OFF period compared to the ON period [period:
F(1,34)=71.314, p<0.001], with no effect of diet or exercise. The between-subject factor revealed that CAF diet
decreased the average distance travelled, and exercise increased it [Diet: F(1,34) =9.564, p=0.004; Exercise:
F(1,34) =5.241, p=0.028; and Diet*Exercise: F(1,34) = 0.634, p=0.431]. The same analysis comparing CAF and
CAFR animals revealed an analogous increase in activity during the OFF period [F(1,32)=47.312, p<0.001]
and no effect of diet or exercise was found.

Finally, the hourly activity over the OFF and ON periods were studied separately. The analysis in CAF and
STD animals (Fig. 3C) revealed activity changes over the hours of the OFF period [hour: F(11,374) =6.287,
P <0.001] but not over the ON period [hour: F(5170)=1.600, p =0.165], with no effect of diet or exercise in either
period. However, the between-subject factors showed that CAF feeding had decreased the level of activity in
the OFF period compared to the STD group, with exercise reaching no significant effect [Diet: F(1,34) =5.902,
p=0.021; Exercise: F(1,34) =3.155, p =0.085; and Diet*Exercise: F(1,34) =0.046, p=0.831]. The analysis in CAFR
and CAF animals (Fig. 3D) showed activity changes over both periods [OFF hours: F(11,352) =2.746, p=0.002;
ON hours: F(5160) = 2.833, p=0.025], with no effect of diet. Moreover, this activity change over the ON period
was significantly affected by the exercise intervention [hour*exercise interaction F(5160) =2.917, p=0.022,
Fig. 3D], with exercised animals being less active at I0AM compared to non-exercised animals [t(34) = 3.830,
p=0.001]. No such effect of exercise was detected in the OFF period.

CAF and CAFR feeding decreased basal corticosterone levels. We were also interested in studying
whether CAF diet-induced obesity and the dietary and exercise interventions affected baseline HPA axis activity
through plasmatic ACTH and corticosterone levels, both in the morning (AM) and evening (PM).

The repeated measures comparison of corticosterone and ACTH levels between the PM and AM samples
in CAF and STD animals showed an increase for both hormones in the PM [corticosterone: F(1,35) = 124.607,
p<0.001; ACTH: F(1,33) = 114.426, p<0.001] with no effect of diet or exercise, but the between-subject effect
indicated CAF animals had lower corticosterone levels than STD [Diet: F(1,35) =9.247, p=0.004], with no effect
of exercise. No such effect was observed for ACTH. When we analysed the effects of CAFR feeding compared to
CAEF, the results showed that the CAFR group maintained the decrease in corticosterone levels.

We also aimed to determine long-term effects of the interventions on HPA axis activity by means of hair
corticosterone levels, which have been validated as a good biomarker for evaluating the chronic activity of the
HPA axis*. Results did not show any difference due to CAF feeding when compared to STD or any effects of
exercise (Fig. 4C). On the other hand, the analysis of CAFR and CAF animals indicated no significant effects of
the exercise factor [F(1,35) = 3.141, p =0.086 (Fig. 4C)].

HPA-axisresponse to a novel environment was unaffected by diet or exercise. Wealso analysed
the HPA axis reactivity to the exposure to a mild stressor, a novel environment. Immediately after the HB test,
plasmatic ACTH and corticosterone levels increased 5,eightfold and 28,fourfold, respectively (Fig. 5A and B)
compared with baseline AM hormone levels (shown in Fig. 4A and B). No significant effects appeared when
analysing CAF and STD diets on ACTH [diet: F(1,38)=3.326, p=0.077] and corticosterone levels. Exercise had
no significant effects on neither hormone.

CAFR feeding did not have any significant effect compared to CAF feeding.

Exploratory activity in a novel environment and anxiety-like behavior. The analysis of the HB
was performed considering both the first 5 min and the whole 15 min of the test.
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Figure 5. Effect of dietary interventions and exercise on HPA-axis hormone response to the Hole Board test.
(a) Plasmatic ACTH levels (ng/mL) and (b) corticosterone levels (ng/mL) in response to exposure to a novel
environment.
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Figure 6. Effects of dietary treatments and exercise on ambulatory and exploratory behavior in the Hole Board
test in the first 5 min and the whole 15 min test. (a) Distance traveled (m). (b) Number of rearings. (c) Latency
time (seconds) of the first head dip. (d) Number of head dips. (e) Time spent head-dipping (seconds). Values are
mean +SEM. *p <0.05, **p <0.01 versus STD; & p <0.05 versus CAF; #p< 0.05, ##p < 0.01 versus the respective
non-exercised controls.

The analysis of the first 5 min did not reveal any effect of CAF on the distance travelled (Fig. 6A) or the
rearings (Fig. 6B) compared with STD. In contrast, exercise decreased rearings [F(1,39)=9.257, p=0.004] but
not distance travelled. Regarding exploratory activity, CAF decreased the latency of the first HD (Fig. 6C), and
increased the number (Fig. 6D) and the time spent HD (Fig. 6E) compared with STD [latency: F(1,39) = 12.667,
p=0.001; number HD: F(1,39) =11.678, p=0.002; time HD: F(1,39) =8.940, p =0.005]. No effects of exercise upon
these variables were detected. When we analyzed the effects of CAFR feeding compared to CAF, a significant
‘diet*exercise’ interaction on rearings was found [F(1,37) =4.693, p=0.038]. Decomposition of this interaction
revealed that CAF animals performed less rearings when exercised [t(17)=2.559, p=0.020], whereas CAFR
animals did not differ between exercise conditions. For exploratory activity, CAFR increased the latency of the
first HD compared to CAF [F(1,37) =5.232, p=0.029] without additional significant effects/interactions in the
first 5 min of the test.

For the 15-min exposure analysis, 8 animals (1 from the STD-C, CAF-C and CAFR-E groups, 2 from the
CAF-E group, 3 from the STD-E group and none from the CAFR-C group) were eliminated due to them climbing
the wall and escaping the apparatus. Results showed that CAF did not affect the distance travelled and the number
of rearings. Exercise residually decreased the distance travelled (Fig. 6A) and the number of rearings (Fig. 6B)
[distance: F(1,32) =3.831, p=0.060; rearings: F(1,32) = 4.144, p=0.051]. CAF also increased the number of HD
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(Fig. 6D) but not the time spent HD (Fig. 6E) [number HD: F(1,32) =4.979, p=0.034; time HD: F(1,32) =3.354,
p=0.078]. Exercise increased the time spent HD [F(1,32)=8.719, p=0.006], but not the number of HD. We
then calculated the mean duration of a HD (time HD/number HD), and found no effect of CAF while exercise
increased mean HD duration [Exercise: F(1,32) =9.774, p=0.004, data not shown]. The analysis of CAFR feeding
compared to CAF revealed no diet effects on the distance travelled (Fig. 6A), the number of rearings (Fig. 6B),
the number of HD (Fig. 6D) or the time spent HD (Fig. 6E). Exercise did not significantly affect the distance
travelled [F(1,33) =3.422, p=0.075], nor the number of rearings [F(1,33) =1.518, p=0.228].

Finally, the EPM analysis (Fig S5) revealed no major effect of diet in anxiety-like behavior, and an effect where
exercise decreased enclosed arm entries in CAF and CAFR fed animals [F(1,36) =4.551, p=0.041].

Discussion

In this work we have shown that CAF feeding successfully induced obesity, changed body composition by
increasing adiposity, and impaired metabolic health by increasing MetS blood biomarkers and adipokine levels.
This dietary pattern also resulted in a sedentary profile assessed by the HCA test, reduced baseline HPA axis
activity through decreased corticosterone levels, and boosted exploratory behavior but did not affect anxiety-like
behavior. The decreased energy intake of CAFR animals ameliorated some biometric and metabolic parameters,
but it was not sufficient to revert neither the CAF-induced sedentary profile nor the boosted exploratory activity.
Regarding exercise effects, results showed that it decreased adiposity and cholesterol levels, increased baseline
locomotor activity in the HCA test, and further boosted exploratory behavior while partially decreasing anxiety-
like behavior.

Additionally, CAF feeding altered circadian locomotor activity. The activity pattern of control STD animals
during the night hours was characterized by an increase of baseline activity in the first and last night hours
and an intervening period of decreased activity, as reported previously*. After 10 weeks of CAF feeding, we
observed a relatively mild decrease in activity during a subset of hours at the end of the night phase. However,
after 17 weeks of CAF feeding the decrease of HCA was noticeable over the whole night phase. No changes in
activity were observed during the light hours. In line with these results, high-fat (HF) feeding in rats has been
reported to decrease activity during night hours and increase activity during day hours*’. Baseline locomotor
activity is known to be directly under control of the master clock in the suprachiasmatic nucleus* and it has
been reported that knock-out of the Clock gene in mice increased daytime feeding along with alterations in
activity®. Alterations in circadian rhythm have been shown to occur in HF diet mice, including attenuation of
diurnal rhythms of feeding and locomotor activity, and attenuation of the expression of circadian clock genes
and diurnal patterns of metabolic markers®. In our case, CAF feeding increased energy intake, but whether this
altered eating pattern was associated with increased daytime feeding should be further explored in future studies.

Besides analysing the locomotor activity pattern, we also wanted to determine whether CAF feeding affected
the circadian cycle of the HPA axis. Plasmatic ACTH and corticosterone levels showed a circadian cycle with
higher hormone levels in the evening and lower levels in the morning, as expected®’. CAF feeding did not alter
this pattern but decreased basal corticosterone levels both in the morning and evening. This result is consistent
with another study in which decreased corticosterone and no effect on ACTH baseline levels were obtained
after 5 weeks of CAF feeding in rats®'. The fact that there were no differences in baseline circulating ACTH
could indicate that the CAF-induced effects could be exerted at the level of the adrenal gland. In mice, increased
corticosterone levels, cortical adrenal hyperplasia and increased Melanocortin-2 Receptor expression have been
reported after long-term HF feeding®*. Although we found a decrease in relative adrenal gland weight in CAF fed
animals which might partially explain the decreased corticosterone basal levels, absolute weight was unaffected,
and we cannot discard changes in ACTH signalling being the cause of the decrease in baseline corticosterone. In
humans there is no consensus about baseline levels of cortisol in obesity*, with reports showing increased™* or
decreased™ levels, and similar results can be found for ACTH levels®®*. Additionally, we determined corticos-
terone concentration in hair, which is used as a biomarker of long-term HPA axis activity and thought to reflect
free corticosterone*®, which is considered as the bioavailable portion®®. The fact that we did not find differences
in hair corticosterone between STD and CAF-fed animals suggests that CAF feeding might not alter bioavailable
corticosterone levels. This might indicate that although total corticosterone levels would be decreased due to the
CAF diet, compensatory mechanisms might be at play in generating adequate levels of free corticosterone and
therefore a normal adrenal function in the obese state. It is important to note that RIA measures are an indication
of total corticosterone levels thus reflecting axis activity rather that bioavailable free circulating corticosterone.

We also determined the effects of a mild stress challenge, novel environment exposure, on the HPA axis
response. We detected a slight decrease in ACTH levels in CAF-fed animals. This is in accordance with other
studies showing that palatable food intake, even in short-term exposures and without body weight gain, decreased
ACTH response to restraint stress and anxiety-like behavior in the EPM"¥, which was attributed to a stress-buff-
ering action of the hedonic properties of palatable foods mediated by reward-induced structural plasticity in the
basolateral amygdala. The small effect of CAF feeding observed here might be related with the type of stimulus,
since restraint stress or forced swim generate a much greater response than novel environment exposure®. On
the other hand, we have not found differences in corticosterone levels in response to a mild stressor suggesting
that the HPA axis can respond normally to this kind of challenge by regulating small changes in hormone levels.

At the behavioral level, CAF feeding induced an increase in exploratory activity, in accordance with a previous
study from our group’. Interestingly, other rodent models of DIO in which animals were fed a non-palatable HFD
reported decreased exploratory activity®®!, which suggests differential effects of obesity-induced diets depend-
ing on their palatability. Additionally, CAF feeding did not alter anxiety-like behavior in the EPM. In a previous
study we have shown that 8 weeks of post-weaning CAF feeding had no effects on anxiety-like behavior®, and
this result seems to be replicated after 18 weeks.
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After characterizing the effects that CAF feeding had compared to STD, we also studied the effects that the
restricted CAF diet had on obese animals. The decrease in energy intake observed in CAFR compared to CAF was
reflected in the AC, which was diminished in CAFR animals. CAFR feeding also decreased the weight of subcu-
taneous and abdominal adipose tissue compared to CAE This decreased adiposity, which was not accompanied
by a reduced body weight, was reflected in lower leptin levels in serum. Moreover, CAFR feeding also changed
body composition by slightly decreasing the gastrocnemius muscle absolute weight. Interestingly, CAFR feed-
ing decreased mainly the abdominal tissue depots, but not the subcutaneous, which suggests an adipose tissue
redistribution that has been associated with decreased cardiovascular risk in humans®. Other markers of MetS,
such as serum total cholesterol levels, were also decreased in CAFR animals. Therefore, CAFR feeding interven-
tion would be associated with better health outcomes. However, this diet did not significantly revert glucose
dysregulation induced by the CAF diet, showing similar glucose and insulin levels. It could be hypothesized that a
longer CAFR intervention would revert the effects of CAF feeding on glucose dysregulations. It is also important
to note that in this study the interventions were of a corrective nature, which are considered less effective than
preventive interventions®. In fact, CAFR feeding administered post-weaning showed a greater amelioration of
glucose and insulin levels, and of HOMA-IR compared to CAF” than in the present study.

Despite the amelioration of the biometric parameters and adiposity, CAFR diet did not change the HCA
compared to CAF, indicating that the dysregulation of the circadian locomotor activity pattern induced by CAF
feeding, consisting in a more sedentary pattern, is not corrected by the CAFR diet. As for the baseline corticos-
terone and ACTH levels, we did not find differences between CAF and CAFR feeding. Mouse studies in which
a HED was interrupted after 6 weeks reported increased baseline corticosterone levels, indicating a withdrawal
response to the preferred diet®. We did not observe such an effect, which suggests that the decrease of energy
intake resulting from the CAF to CAFR feeding shift did not generate this withdrawal-like effect. We have pre-
viously shown that CAFR feeding induced changes in feeding behavior by increasing the proportion of regular
chow that the animals consume, compared to the amount of chow consumed while CAF feeding, which indicates
that those animals ate chow a.l. and were not starved””**. Hair corticosterone levels were also not different in
CAFR fed animals when compared to CAF fed animals.

HPA response to a novel environment was also not affected by CAFR feeding, indicating that the effects of
CAF feeding are also present in CAFR feeding. Behaviorally, CAFR fed animals also displayed similar levels
of exploratory and anxiety-like behaviors to CAF fed animals. In another study, mice fed a palatable diet and
switched to standard chow after 6 weeks decreased the time spent in the open arms of the EPM, thus reflect-
ing increased anxiety-like behavior®. Moreover, in rats switched to chow after 15 weeks of cafeteria diet, gene
expression of CRH increased suggesting increased stress®. We have shown the CAFR diet is capable of increasing
chow intake when administered post-weaning”*. However, in our study we did not detect the increased stress
and anxiety measures that are associated with diet withdrawal.

In this study we aimed to evaluate the effects of an exercise intervention. Regarding its effects in CAF-
fed animals compared to STD animals, exercised animals presented decreased adiposity in the retroperitoneal
fat depot and remarkably, decreased total abdominal adiposity, which points to a healthier body composition
profile since, as mentioned above, abdominal adiposity rather than subcutaneous adiposity is associated with
MetS®. This result is interesting because the treadmill protocol used in the present study, consisting of 12 m/
min, 35 min/session and 5 sessions/week, is considered of moderate intensity, equivalent to brisk walking or
slow running in humans®”. However, this exercise did not affect the body weight, Lee Index or AC. Although
similar treadmill interventions (12 m/min for 45 min) have resulted in ~25% decreased in CAF induced body
weight gain®®, greater exercise intensities, such as 20 m/min for 1 h at 5% indline, or different paradigms, such as
voluntary wheel running, seem to be necessary to consistently ameliorate biometric parameters®”". Regardless,
exercise improved body composition and reduced abdominal adiposity, without affecting energy intake. This is
consistent with other studies using a similar exercise protocol in CAF fed animals®®. Even when a higher exercise
intensity (15 m/min for 1 h) was applied to chow-fed rats, no effect was reported on energy intake, although sev-
eral changes of eating patterns such as decreased meal size and increased meal frequency during the light phase
have been described’". Exercise was able to decrease cholesterolemia, indicating an amelioration of metabolic
risk biomarkers. Exercise also diminished absolute weights (inguinal and total) and relative weights (inguinal,
retroperitoneal and total) of adipose depots, and total serum cholesterol levels in animals fed with standard chow
or the CAFR diet. This is in line with previous results in which treadmill exercise showed beneficial effects both
in obese and non-obese animals®****. The new finding in the present report is that these effects are also present
in animals fed a restricted-cafeteria diet.

As for the effects of treadmill exercise on HCA, we found an increase during the night hours both in the
STD- and CAF-fed groups. This result is consistent with another study reporting that voluntary wheel running
in rats resulted in weight loss, reduced daytime feeding, and reverted the effects of a HFD on circadian locomo-
tor activity™. However, it is unclear whether this improvement in circadian regulation was due to the exercise
itself or to the weight loss. The fact that we observed a partial reversion of the sedentary profile induced by CAF
feeding without reducing body weight suggests that exercise by itself would be capable of improving circadian
function in DIO rats, although it did not fully restore the activity pattern seen in STD-fed animals. This might
indicate that while treadmill exercise can partially increase activity, its effects are milder that voluntary wheel
running’’. We have not found any reports of similar treadmill exercise protocols in which baseline circadian
locomotor activity was measured.

Exercise did not affect the baseline HPA axis activity. In a previous study using long-term moderate treadmill
exercise exposures (12 m/min for 30 min) we have also reported no effect on baseline corticosterone®. On the
other hand, treadmill exercise at a higher intensity than ours (15 m/min for 60 min) has shown increased cor-
ticosterone levels after 2 weeks of training™. In other exercise paradigms such as wheel running, similar results
have been found, with baseline corticosterone levels increasing after a short-term exposure to the exercise that
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were normalized after 4 weeks™. Taken together this suggests that baseline activity of the HPA axis may increase
because of exercise in the short term but reverts to control levels in the long term. This response might be similar
to that found in paradigms of chronic predictable stress. Thus, daily immobilization stress for 7 days generated
increased baseline corticosterone levels”, while a similar but milder paradigm lasting 4 weeks did not™.

Even though we detected no effects of exercise upon plasmatic levels of corticosterone, exercise tended to
increase hair corticosterone in CAF and CAFR. This might indicate that for obese animals, treadmill exercise
could be a more challenging stimulus requiring more effort compared to lean STD animals. Single stressful situ-
ations that might increase corticosterone acutely are masked in integrated measures such as hair corticosterone,
but repeated stressful situations generate an increase in hair corticosterone **. There are reports of DIO rats having
lower exercise endurance and failing to adequately perform treadmill exercise earlier than control animals at high
intensities (25 m/min)”, which might indicate treadmill exercise represents a greater challenge to obese animals.

Regarding the effects of exercise on the HPA axis response to a mild novel environment stress challenge, in a
previous study mentioned above we have shown that long-term treadmill exercise initiated post-weaning (12 m/
min for 30 min/day for 33 weeks) can decrease the ACTH response to a novel environment exposure in Sprague
Dawley rats™. In the present study this effect was not replicated, which might be related with the duration of the
treadmill intervention (33 weeks vs 8 weeks). It might also be related to the stage of development of the animals
in which the exercise was performed, since the exercise in the present study started in a later stage when animals
were already adults. Another possible factor lies in the rat strain used. Here we have used Long-Evans rats, which
are known to present higher resting levels of ACTH and corticosterone, as well as a higher hormonal response
to the HB™ compared to Sprague-Dawley rats.

Treadmill exercise increased exploratory activity in STD-fed animals and further enhanced the already
increased exploratory activity induced by CAF feeding. Additionally, exercise marginally decreased anxiety-
like behavior, which is consistent with previous reports from our group®. There are reports of exercise increasing
anxiety behavior in chow-fed rats in a different behavioural test”’, or of no effect of treadmill exercise”. Several
variables such as the use of electric stimulus to motivate running as well as exercise intensity, duration, and
paradigm (treadmill vs wheel running) might generate different behavioral profiles **”’. In our exercise protocol
control animals were placed in the treadmill daily as a control for handling and exposure to the apparatus, this
implies that both exercised and control groups were handled daily which can induce an anxiolytic effect” and
mask the effect of exercise, as we have also shown previously?®.

To conclude, restricted CAF feeding reverted, in part, the effects of CAF-induced obesity on biometric param-
eters, adiposity, and metabolic biomarkers, but it was not able to revert the sedentary profile and the decrease
in baseline corticosterone levels. Exercise also decreased adiposity, partially corrected metabolic alterations and
increased baseline locomotor activity and exploratory behavior in STD and CAF animals, but not in CAFR.
Therefore, exercise appears to have beneficial effects in reverting the alterations of CAF, but it does not seem to
show additional benefits when paired with CAFR.

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding
author on reasonable request.
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3.2. Capitol 2: Efectes de la dieta de cafeteria restrictiva i I'exercici fisic en

rates mascle i femella sobre la conducta associada al gust dolg.

Els continguts d’aquest capitol han sigut publicats amb data 28 de Desembre de
2022 a la revista Nutrients en 'article titulat “Impact of Calorie-Restricted Cafeteria
Diet and Treadmill Exercise on Sweet Taste in Diet-Induced Obese Female and Male
Rats”. La referencia complerta d’aquest article és: Alvarez-Monell A, Subias-Gusils
A, Mariné-Casadod R, Boqué N, Caimari A, Solanas M, Escorihuela RM. Impact of
Calorie-Restricted Cafeteria Diet and Treadmill Exercise on Sweet Taste in Diet-
Induced Obese Female and Male Rats. Nutrients. 2022;15(1):144.
do0i:10.3390/nu15010144

En aquest estudi es van dur a terme un test de preferencia de dues ampolles (2-
bottle preference test), un test de reactivitat al tast (taste reactivity test) i un test d’accés
breu a sucrosa (brief-access sucrose test) amb I'objectiu de determinar la ingesta de
sucrosa, la reactivitat hedonica induida per la ingesta de sucrosa, i la sensibilitat a
la sucrosa, respectivament. La realitzacié d’aquesta bateria de tests permet obtenir
una visié complerta i global de la conducta relacionada amb la ingesta de sucrosa
aixi com caracteritzar des del punt de vista conductual, d"'una banda, els efectes de
'obesitat, i d’altra banda, els de la intervencié dietetica i de I'exercici fisic, per

separat i en combinacio.
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Abstract: The goal of the present study was to evaluate the sweet taste function in obese rats fed
with a 30% calorie-restricted cafeteria diet (CAFR) and/ or subjected to moderate treadmill exercise
(12-17 m/min, 35 min, 5 days per week) for 9 weeks. A two-bottle preference test, a taste reactivity
test, and a brief-access licking test were carried out when animals were aged 21 weeks; biometric and
metabolic parameters were also measured along the interventions. Two separate experiments for
females and males were performed. Behaviorally, CAF diet decreased sucrose intake and preference,
as well as perceived palatability, in both sexes and decreased hedonic responses in males. Compared

check for to the CAF diet, CAFR exerted a corrective effect on sweet taste variables in females by increasing
updates sucrose intake in the preference test and licking responses, while exercise decreased sucrose intake in
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index and worsened the metabolic profile in both sexes, whereas CAFR diet ameliorated these effects
mainly in females. Exercise had no noticeable effects on these parameters. We conclude that CAF
diet might diminish appetitive behavior toward sucrose in both sexes, and that this effect could be
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pathologies [2,3].

Studies have tried to elucidate how an obese phenotype impacts sweet taste. It has
This article is an open access article ~ D€€n reported in humans that a high BMI is associated with lower perceived sweetness, and
distributed under the terms and  With increased liking for sweetness [4]. Preclinical studies have shown that the adipokine
conditions of the Creative Commons  leptin has been linked to sweet taste function at several levels, from the taste receptors
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behavioral responses to a sweet stimulus change with the circadian rhythms of circulating
leptin, whilst, in obese individuals, these circadian changes in leptin are absent [7].

Clinically, obesity is treated by improving diet quality and reducing caloric intake, by
increasing physical exercise, and by bariatric surgery in severe cases [8]. These interventions
have been shown to affect the sweet taste function with contrasting outcomes. For example,
weight loss induced through dieting [9] or cognitive therapy [10] has been reported to
decrease liking for concentrated sucrose solutions in women, although no differences
were observed in other studies [11]. Physical exercise appears to have differential effects
on sweet taste depending on whether the training is acute or chronic. Acute bouts of
intense aerobic exercise increased the intake of sweet solutions and the reported liking
of sucrose in healthy subjects [12,13], suggesting a compensatory effect of the nutrient
depletion due to the exercise bout [14], while an increase in self-reported physical activity
over 6 months decreased the perceived intensity of sweet solutions [15]. However, it is
unclear whether these changes in sweet taste function are a direct result of the exercise itself
or of the weight loss associated with it [14]. Nutritional state appears not to be a strong
determinant of sweet taste function [16], and studies comparing sweet taste detection
thresholds between individuals consuming vegan, vegetarian, or omnivorous diets for
decades [17] or low-sugar diets for months [18] did not show altered thresholds. However,
it has also been reported that a low-vegetable meal increases sweetness desire 2 h after
meal consumption [19], while another study reported no differences in sweet intensity and
hedonics after a meal [20].

Several animal models have been developed to study obesity [21]. Among them, the
cafeteria diet (CAF)-induced obesity (DIO) model, in which animals are fed several high-fat
and high-sugar items of human consumption [22,23], is considered a robust model with
high face validity for human obesity [24]. CAF diet induces obesity through hedonic eating
and hyperphagia due to the high palatability of its ingredients; additionally, it generates
more severe MetS symptoms than other high-fat and high-sugar diets [25,26].

In animal models of DIO, a decrease in motivational behavior toward sweet stimuli, as
measured by increased latency to approach the sweet stimuli and/or decreased consump-
tion, has been reported in males [27-29]. It has also been reported that diet-induced weight
loss in male rats increases preference for low concentrations of sucrose [28]. Furthermore, a
decrease in preference for highly concentrated sweet solutions in males has been reported
in models of gastric bypass surgery [30,31]. The effects of exercise in animal models and
how it affects sweet taste have not been extensively studied. We previously reported a
decrease in sugared milk and carbohydrate intake in female Sprague-Dawley rats after
8 weeks of treadmill exercise [32]. Other authors have shown that female mice selectively
bred for a high runner phenotype showed decreased consumption of artificial sweeteners
when exercised [33]. Sex differences exist in human taste perception, with women being
generally more sensitive than men [34-36]. This sexual dimorphism is also present in rats,
in which females show higher intakes of sucrose solutions than males [37,38].

The responses to sweet stimuli in animals can be interpreted in terms of wanting
and liking, which are considered two separate processes [39]. Wanting is considered to be
related to how much of a reward is consumed, while liking is related to hedonic impact
and to which reward is consumed [40]. Wanting is thought to be a process mediated by
the dopaminergic system that encompasses several brain structures processing reward
value, such as the mesocorticolimbic dopaminergic system. On the other hand, liking is
thought to be mediated by small and localized areas, termed hedonic hotspots, mainly
modulated by the opioidergic system and overlapping with areas controlling wanting [39].
These two processes are relatively independent, since it has been shown that mesolimbic
dopamine depletion impairs the ability to exert motivational effort while not affecting
hedonic reactivity [41], and that elevated dopamine levels increase motivational effort
while not affecting hedonic reactivity [42]. However, while wanting can be affected without
altering liking, modifications that alter liking almost always alter wanting [40,43].
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In this study, we aimed to (i) characterize the effects of CAF DIO upon the sweet taste
in terms of wanting and liking, (ii) determine the putative changes in wanting and liking of
sucrose solutions due to dietary and exercise interventions based on a calorie-restricted
CAF diet (CAFR) and treadmill training in DIO animals, and (iii) analyze the changes in
food intake, as well as biometric and metabolic parameters, induced by these interventions.
We aimed to determine these parameters in Long-Evans rats, both in females (Experiment
1) and in males (Experiment 2).

2. Materials and Methods
2.1. Experiment 1
2.1.1. Animals

Sixty female Long-Evans rats (Janvier, France), 23-25 days-old at the time of delivery,
were used. Animals were housed in pairs in standard Plexiglas cages, maintained under
a 12 h/12 h light/dark cycle (lights on at 8 am.) in standard conditions (temperature:
21 + 1 °C; humidity 50 4= 10%). After 1 week of habituation to the animal room, they
were randomly assigned to two groups balancing mean body weight (BW): STD (n = 20,
BW =89.11 £1.94 g) and CAF (n =40, BW = 88.58 £ 1.25 g). The experimental protocol
was approved by the Generalitat de Catalunya (DAAM 9978), following the ‘Principles of
laboratory animal care” and was performed in accordance with the European Communities
Council Directive (2010/63 /EU).

2.1.2. Experimental Design

We used a 3 x 2 factorial design with diet (STD, CAFE, and CAFR) and exercise (control
C and exercise E) as factors and six experimental groups. After inducing obesity by the
administration of the CAF diet for 8 weeks, animals were randomly allocated in pairs to
the following groups, balancing mean body weight: STD-C (n =10, BW =217.7 +-4.11 g),
STD-E (n = 10, BW = 2169 + 4.40 g), CAF-C (n = 10, BW = 264.7 & 9.67 g), CAF-E
(n=10,BW =261.2 +7.89 g), CAFR-C (n = 10, BW = 259.5 + 7.51 g), and CAFR-E (n =10,
BW =263.3 + 5.98 g). Interventions were maintained throughout the experiment unless
otherwise noted. Every week, the animals were weighed, and food intake was deter-
mined as the difference between foods provided on Monday and unconsumed the day
after. Nasoanal length (NAL) and Lee index (%L/%_}f % 1000 ) were recorded every 2 weeks.
Behavioral testing started when the animals were 22 weeks old and consisted of the sucrose
preference test (week 18), the taste reactivity test (week 19), and the brief-access licking
test (weeks 20 and 21). During the 10-12 days after finishing the behavioral testing, the
dietary treatment and treadmill sessions occurred as usual. Animals were sacrificed by
decapitation at week 23 after 8 h of fasting. Blood was collected, and serum was obtained by
centrifugation at 2000 x g for 15 min at 4 °C and stored at —80 °C until further analysis. The
white adipose tissue (WAT) depots (retroperitoneal, RWAT; mesenteric, MWAT; epididymal,
EWAT;, and inguinal, IWAT) were also removed and weighed. Figure 1 shows a schematic
design of experiments 1 and 2.

Obesity-induction period Treatment period: Diet and Exercise
\ | )

I [ |
Experiment 1: Females Week 9 Week 18  Week 19 Week 20 Week 23
Experiment 2: Males Week 10 Week 19 Week 20 Week 21 Week 23

STD o - STD-C (n=10)
(n=20) e Fy H @ STD-E
+ =
CAF S-S g M omms) carc
(n=40) = S IR S| cAFE
M Control diet (chow) £ 2 = & || CAFr-C
Wl cafeteria diet (CAF diet) [ )| CAFr-E

[ calorie restricted cafeteria diet (CAFR diet)

Figure 1. Schematic representation of the experimental layout for experiments 1 and 2 showing
groups and the time of behavioral testing.
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2.1.3. Diets

During the obesity-induction period, the STD and CAF groups were fed standard
chow and CAF diet ad libitum (Supplementary Table S1). From week 9 onward, the CAF
diet consisted of (averaged quantities per rat per day) bacon (7 g), biscuits with paté (5 g),
biscuits with cheese (5 g), muffins (7 g), carrots (7 g), jellied sugared milk (40 g), and
standard chow (25 g). Food items were administered in a clay pot inside the cage and
prepared fresh each day. The average amounts of food and energy administered per rat
per day were 96 g and 233 kcal, respectively, and the caloric distribution of the CAF diet
was 10.6% protein, 38.3% fat, and 51.1% carbohydrates. We previously used a similar CAF
diet in females and showed that it has obesogenic effects [43]. The caloric content of the
standard chow (2014 Teklad Global Rodent Diet, Envigo) was 290 kcal per 100 g, and its
caloric distribution was 20% protein, 13% fat, and 67% carbohydrates.

As for the CAFR diet, the amount of each item provided was (averaged quantities
per rat per day) bacon (2.4 g), biscuits with paté (2.5 g), muffins (1.8 g), carrots (6.3 g),
jellied sugared milk (4.6 g), and standard chow (7.5 g). The average amounts of food
and energy administered per rat per day were 25.1 g and 61.5 kcal, respectively, and
the caloric distribution of the CAFR diet was as follows: 11.4% protein, 42% fat, and
46.6% carbohydrates. Food items were also administered in a clay pot inside the cage and
renewed daily.

2.1.4. Treadmill Training

Training was performed in a treadmill (Columbus instruments, Columbus, OH, USA)
as reported in [44] with some modifications.

This began on week 9 along with dietary intervention, with daily training sessions
from Monday to Friday (5 days/week), and with the intensity raising progressively from
7 m/min in session 1 to 17 m/min in session 9 (Supplementary Table S2). From session
9 onward, all sessions started at an intensity of 7 m/min, increasing progressively until
17 m/min at min 6, which was maintained until minute 30 and then lowered to 8 m/min
for the last 5 min. Sessions ended at minute 35, at an approximate total distance run of
591 m.

2.1.5. Behavioral Testing
e  Two-bottle sucrose preference test

To determine the preference for sucrose solutions, a two-bottle preference test was
performed. Animals were housed individually the day before starting the test to allow for
individualized testing. The exercise intervention was maintained throughout the behavioral
test, but all animals were fed only chow to control for interferences between experimental
diets and the test results. The test consisted of placing two bottles, one containing a
sucrose solution and the other one containing tap water. On the first day, the animals
were presented with tap water in the two bottles (250 mL each) placed at opposite sides
of the food container cover of the animals’ cage to habituate them to the procedure and
to measure water intake for 24 h. The day after and over seven consecutive days, seven
concentrations of sucrose solutions were presented in ascending order and tested for 24 h
(0.01 M, 0.03M, 0.06 M, 0.1 M, 0.3 M, 0.6 M, and 1 M). Sucrose solutions were prepared daily
using tap water. Water and sucrose intakes were recorded daily, and bottles” positions were
randomly switched between concentrations to avoid lateral preference. Sucrose preference
ratio was calculated according to the following formula:

sucrose solution intake (g)
water intake (g) 4+ sucrose solution intake (g)

Sucrose pre ference = x 100

e  Taste reactivity test

After the two-bottle preference test, the animals were returned to the home cages
in pairs. To evaluate hedonic responses to different sucrose solutions, we performed the
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taste reactivity test according to Shin et al. 2011 [28]. Over four consecutive days, the
orofacial responses elicited by four sucrose solutions (0.03 M, 0.1 M, 0.3 M, and 0.6 M)
prepared daily using tap water and administered (one each day) in ascending order were
recorded. Animals were placed in a cylindrical (29 cm height; 25 cm diameter) Plexiglass
cage, and, after 2.5 min, 1 mL of sucrose solution was deposited with a micropipette on the
edge of the circular transparent floor. The orofacial expressions were recorded from below
using a video camera (JVC, HD Everio GZ-HD10) for 2.5 min from the time the mouth
of the animal had the first contact with the solution. Positive hedonic responses (tongue
protrusion TP, thythmic protrusions of the tongue on the midline, and discrete nonrhythmic
lateral protrusions of the tongue [45]) were measured as the number of episodes (n) and
total duration (s). Behavior was scored by examination of slow-motion videos by a trained
experimenter [45].

. Brief-access licking test

To determine the sensitivity and reward value of sucrose, animals were tested on a
lickometer (Med Associates Inc., St. Albans, VT, USA). Both the dietary and the exercise
interventions were suspended for the duration of the test. The testing procedure encom-
passed a 4 day habituation period to the apparatus (days 1-4), a habituation session to the
test conditions on day 5, and the final test on day 7. The day before starting the habituation
period (day 0) the animals were deprived of water. During the habituation period, the
animals were placed in the testing chamber and presented with a spout connected to a
plastic bottle containing water positioned behind an open slot in the wall of the cage. On
days 1 and 2, animals were placed in the chamber and allowed 30 min of uninterrupted
water presentation to train them to lick the spout. On days 3 and 4, they were allowed 20 s
to lick the spout, and, once licking started, they had 10 s before a shutter blocked access to
the spout and a motorized wheel positioned the next spout. Eight bottles containing water
were placed in the motorized wheel, and each bottle was presented eight times for a total of
64 trials each session. On day 5, animals were tested with one bottle containing water and
the other seven bottles containing sucrose solutions (0.01 M, 0.03 M, 0.06 M, 0.1 M, 0.3 M,
0.6 M, and 1 M). The presentation order was randomized in eight blocks without repetition.
When the session ended, the animals were returned to their home cage and allowed access
to water. No session was administered on day 6, and the animals were allowed to rest in
their home cage. The final test was carried out on day 7 under no water restriction and
using the same procedure as day 5. Animals were weighed daily during the test to ensure
no animals lost more than 15% of their baseline body weight due to the water restriction.
From this test, the number of trials that initiated licking responses, the total number of licks
performed in a session, the number of licks performed at each trial, the mean duration of a
licking bout (defined as consecutive licks separated by ILIs between 50 and 250 ms), and the
interlick interval (ILI) between consecutive licks with a time resolution of 10 ms, which was
used to determine the mean ILI distribution for each experimental group, were recorded.

2.1.6. Serum Analyses

Analysis of serum samples was performed as in [44]. Briefly, enzymatic colorimetric
kits were used for the determination of serum total cholesterol, triglycerides, and glucose
(QCA, Barcelona, Spain). Serum insulin and leptin levels were measured using a mouse/rat
insulin ELISA kit (Mercodia, Barcelona, Spain) and a rat leptin ELISA kit (Millipore,
Barcelona, Spain). The homeostasis model assessment-estimated insulin resistance (HOMA-
IR) was calculated using the following formula [46]: HOMA-IR = glucose x insulin/22.5.

2.2. Experiment 2
2.2.1. Animals, Timeline, and Experimental Design

Experiment 2 followed a similar design to experiment 1. For detail on the animals
used and the experimental design, see [44]. Of note, the exercise and CAFR interventions
started at week 10, the preference test was performed at week 19, the taste reactivity test
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was performed at week 20, and the brief-access licking test was performed at weeks 21-22.
Figure 1 shows the schematic design of experiment 2.

2.2.2. Dietary and Exercise Interventions

A similar CAF diet, CAFR diet, and treadmill exercise to experiment 1 were used
in experiment 2. For details on the amounts of food and energy administered per day
and treadmill training, see [44]. Of note, the exercise intensity in experiment 2 was set at
12 m/min instead of 17 m/min. This decrease in intensity is because female rats tolerate
higher treadmill intensities and are better runners than males [32,47,48].

2.2.3. Behavioral Testing

e  Two-bottle sucrose preference test

The test was performed at week 19 using a similar methodology as experiment 1. The
corresponding dietary and exercise interventions were maintained during testing.

e  Taste reactivity test
The test was performed at week 20 using the same methodology as experiment 1
e  Brief-access licking test

The test was performed at week 21 using the same methodology as experiment 1. The
exercise intervention was interrupted during the habituation and testing, and the dietary
intervention was maintained.

2.3. Statistical Analysis

Statistical analysis was performed using the “Statistical package for Social Sciences”
(SPSS, version 22, IBM). Biometric and intake data for the first period of obesity induction
were analyzed separately with Student’s t-test. Data for the second period were analyzed
separately using two two-way ANOVA analyses to determine the effects of the factors
diet and exercise: a first two-way ANOVA comparing CAF and STD groups [diet (STD,
CAF) x exercise (C, E)] and a second two-way ANOVA comparing CAFR and CAF groups
[diet (CAE, CAFR) x exercise (C, E)]. Data comprising several timepoints (BW progression,
sucrose intake in the two-bottle preference test, lick score, mean burst size, and mean
ILI distribution in the brief-access licking test) were also analyzed with two two-way
repeated-measures ANOVAs with time or sucrose concentration as within factors, and
diet and exercise as between factors. Sucrose preference and the taste reactivity test data
were analyzed with Kruskal-Wallis followed by the Mann-Whitney U test for pairwise
comparisons due to unequal variances assessed with Levene’s test. The number of animals
that contacted the sucrose solution in the taste reactivity test was analyzed using the
chi-squared test.

Mean lick scores data for each group were curve fitted using the following logistic
function [49,50]:
a+b

F(x) = T+ 106—0d]"

where a is the asymptotic lick response, b is the lower lick response, x is the log;o stimulus
concentration, c is the logjy concentration at the inflection point, and d is the slope of the
curve.

Mean ILI distribution data were curve-fitted to the Gaussian function according to Lin
et al. (2013) [51] using the following function:

F(x) = Amp- exp 0% (35,

where amplitude (Amp) is the height at the center of the distribution, mean is the X value
at the center of the distribution, and SD is the standard deviation of the distribution.

55

—
| —



Nutrients 2023, 15, 144

7of21

All the results are expressed as the mean + SEM. The level of statistical significance
was set at bilateral 5%.

3. Results
3.1. CAFR Diet Exerted Corrective Effects on CAF-Induced Alterations on Biometric Data
in Females

We first analyzed body weight gain (BWG) (Figure 2A,C) and the Lee index (Figure 2B,D),
in the first period. We found higher BWG and Lee index in CAF animals than in STD
animals in both sexes (p < 0.01). Over the second period, this increase in BWG and Lee index
in CAF compared to STD was maintained (p < 0.001). Moreover, CAFR diet significantly
decreased BWG and Lee index compared to CAF in females (second analysis: p < 0.01),
while, in males, the Lee index tended to decrease (p = 0.062) with no significant effect
on BWG. No effects of the exercise or the interaction diet * exercise were detected in any
parameter in either sex. For details on the progression of BW through the experiment, see
Supplementary Figure S1.

Males Females
B B c D
35 350
30 300 300
525 _ 5:.‘50
220 2 00 - 2200
215 g 2150
310 o ,_| sss 8
5

[ STD-Pre 3 CAF-Pre mm STD-C mm STD-E mm CAF-C mm CAF-E mm CAFR-C mm CAFR-E

Figure 2. Effects of dietary and exercise interventions on body weight gain (BWG) and Lee index
at the end of the obesity induction period (empty bars at the left side of each graphic) and before
starting behavioral testing (filled bars). (A) BWG in females (week 8, empty bars; week 17, filled
bars). (B) Lee index in females (week 8, empty bars; week 17, filled bars). (C) BWG in males (week 10,
empty bars; week 18, filled bars). (D) Lee index in males (week 10, empty bars; week 18, filled bars).
**p <0.01, and *** p < 0.001 STD versus CAF; $$ p < 0.01 and $$$ p < 0.001 CAF versus CAFR.

3.2. CAFR Diet Partially Corrected the Increase in Food and Energy Intake Induced by CAF Diet
in Both Sexes

Regarding the dietary intake parameters (Table 1), CAF diet greatly increased the
daily total food intake in the first period (p < 0.001). This effect was maintained in the
second period of the experiments (p < 0.001). No effects of exercise or the diet x exercise
interaction were detected. In the CAF groups, the energy consumed came mainly from the
CAF diet rather than chow (514 kcal versus 86 kcal in males and 518 kcal versus 44 kcal
in females). Additionally, throughout the experiments, CAF fed animals decreased chow
intake compared to STD fed animals (p < 0.001), the diet X exercise interaction in the males’
experiment did not reach significance (p = 0.056).

When comparing CAF and CAFR diets, we found that CAFR lowered the total food
intake in both sexes (p < 0.001). No effects of exercise or the diet x exercise interaction were
observed. When analyzing the chow intake, we found that CAFR increased the energy
consumed from chow and decreased the energy consumed from cafeteria diet (p < 0.001).
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Table 1. Intake parameters in males and females during the obesity-induction period (STD-Pre and

CAF-Pre columns) and for the six experimental groups during the interventions period of the two
experiments.

STD-Pre CAF-Pre STD-C STD-E CAF-C CAERE CAFR-C CAFR-E
ST e R Males 90.7 +2.48 265.3 +24.33 4295 £2.87 46.18 £2.63 11193 + 13.74 109.26 £ 17.15 78.74 +7.73 888 76.71 + 6.61 355
Dle Rootimake(E/KE) Females 88.9 +£3.05 229.8 £ 30.76 *** 56.23 +£4.09 5623 +£2.38 130.9 & 1331 *** 1233 £ 169 ** 62.03 + 6.69 558 465 £ 711558
Chow energy intake Males 2630 +£72 86.3 + 14.4 1245 £8.33 133.9 +7.61 245 +8.21 228+ 10.73 % 474+ 777388 47.3 £ 953888
(Keal/Kg) Females 257.9 +8.86 48 +13580 163.08 £ 11.87 16307 + 692 1561 +5.20%% 2228 +£9.31 " 41.29 + 65858 4504 + 1024 $88
Nan-chow energy intake Males 5147 +9.96 233.1 +6.20 2311 +6.86 1292 + 5.07 35§ 126.4  4.02 $5%
(Kcal/Kg) Females 5187 £7.97 2834 + 1189 2759+ 11.52 139.1 + 4.17 588 1406 + 3.25 388
Chow intake (% of total Males 100 1438 0 100 100 9.61 + 1.07 *** 8.99 4+ 1.31 26,94 + 1.36 558 27.22 + 1.67 8%
energy intake) Females 100 7.96 + 100 100 532 +0.97 7.30 +1.26 %% 2292 + 171 888 24.16 +2.10 585
Nan-chow intake (% of Males 85.62 +0.47 90.39 + 1.07 9101 £ 1.31 73.06 + 1.36 588 7278 + 1.67 858
total energy intake) Females 92.04 £ 055 94.68 +0.97 92.70 £ 1.26 77.08 + 1.71 888 75.84 +£2.10 855
) § . Males 167.6 + 425 728 +5.18 69.87 + 6.03 36.91 +2.04 588 3475 + 1.83 888
Simpls igs (Kaal/K8) Females 157.3 + 6.03 8495 + 4.67 8143 £557 3176 + 228 585 33.69 £2.30 $8%

Averaged daily total food, chow, non-chow cafeteria diet, and simple sugar intake relativized to BW (kg) or as a

percentage of total energy intakes from chow and non-chow. *** p <0.001 STD versus CAF; $$$ p < 0.001 CAF
versus CAFR.

3.3. CAFR Partially Corrected the Increase in Serum MetS Biomarkers and Adiposity Induced by
CAF Diet in Females

When comparing STD and CAF diets, we found that CAF females increased the
circulating levels of glucose (Figure 3A), triacylglycerides (Figure 3B), insulin (Figure 3C),
the insulin resistance index HOMA-IR (Figure 3D), and leptin (Figure 3E), but not total
cholesterol (Figure 3F) (glucose, triacylglycerides, insulin, and leptin: p < 0.001; HOMA-IR:
p < 0.01; cholesterol: p = 0.073). Exercise tended to decrease cholesterol levels (p = 0.090).
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Figure 3. Effects of dietary and exercise interventions on metabolic parameters and adiposity in
females. (A) Circulating glucose levels. (B) Circulating triacylglycerides levels. (C) Circulating insulin
levels. (D) HOMA-IR index. (E) Circulating leptin levels. (F) Circulating cholesterol levels. (G) Total
relative (g/kg) adiposity. (H) Abdominal (sum of epididymal, retroperitoneal and mesenteric fat

depots) relative (g/kg) adiposity. ** p < 0.01, and *** p < 0.001 versus STD; $ p < 0.05, $$ p < 0.01, and
$$$ p < 0.001 versus CAF.

On the other hand, CAFR diet decreased glucose, triacylglycerides, insulin, leptin, the
HOMA-IR and tended to decrease cholesterol levels compared to CAF (glucose: p <0.05;
triacylglycerides: p < 0.001; insulin, leptin, and HOMA-IR: p < 0.01; cholesterol: p = 0.088).
No significant diet x exercise interactions and no effects of exercise were detected.

Regarding adipose tissue depots, CAF females showed increased relative total and
abdominal adiposity compared to STD females (p < 0.001) (Figure 3G,H). CAFR diet
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decreased total (p < 0.01) and abdominal (p < 0.05) adiposity compared to CAF diet. No
effects of exercise or the diet x exercise interaction were detected in any comparison.

The corresponding data for the males’ experiment were published in a previous
article [44].

3.4. CAF Decreased Sucrose Consumption While CAFR Reverted this Effect in Females, and
Exercise Decreased Sucrose Intake in the Sucrose Preference Test

Regarding the effects of CAF diet on sucrose preference and intake compared with
STD diet, the results showed an inverted-U pattern of sucrose intake in both sexes, in-
creasing between the 0.01 M and the 0.1 M-0.3 M solutions, and then decreasing from that
point onward (Figure 4A,C). There was a significant main effect of sucrose concentration
(p <0.001), as well as a significant diet X concentration interaction (p < 0.001), indicating
that the intakes changed with the sucrose concentration in both sexes, and those changes
differed between diets. Pairwise comparisons showed that, in both sexes, CAF diet dimin-
ished intakes at all sucrose concentrations compared to STD (p < 0.001). Exercise in females
decreased sucrose concentration intake (p < 0.01). Specifically, it decreased the sucrose
intake of the 0.06 M solution and tended to decrease the intake of 0.03 M solution [0.06 M,
p <0.05;0.3 M, p =0.079]. The triple interaction of diet x exercise X concentration was not
significant in either sex.
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£ E
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Figure 4. Sucrose intake (g/kg) in the two-bottle sucrose preference test in females and males.
(A) Sucrose intake for STD and CAF groups in females. (B) Sucrose intake for CAF and CAFR groups
in females. (C) Sucrose intake for STD and CAF groups in males. (D) Sucrose intake for CAF and
CAFR groups in males. ** p <0.001 STD versus CAF; $ p < 0.05 and $$ p < 0.01 CAF versus CAFR;
#p <0.05 and ## p < 0.01 versus non-exercised condition.

When analyzing the CAFR diet compared to the CAF diet, we found differential
sex effects, with increased sucrose intake in CAFR females (p < 0.01) (Figure 4B) and no
effect on males (Figure 4D). This effect in females was significant for the 0.06 M (p < 0.01),
0.1 M (p<005), and 1 M (p < 0.01) solutions and tended toward significance for the
0.03 M (p = 0.052) and 0.6 M (p = 0.059) solutions. No effect of the concentration x exercise
interaction was observed in either sex. The analysis of the diet x exercise X concentration
interaction showed a tendency toward significance in males (p = 0.092) but not in females
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(p = 0.108). Decomposition of this interaction revealed that CAF-E males had lower intakes
than CAF-C males at the 0.3 M concentration (p < 0.05), while CAFR-C and CAFR-E males
showed similar intakes.

We also analyzed the sucrose preference at each sucrose concentration (Figure 5).
Results showed differences in sucrose preference when comparing STD and CAF control
and exercised groups. In CAF females, sucrose preference decreased at 0.03 M (p < 0.01),
0.06 M (p < 0.05), and 0.1 M (p < 0.01) compared to STD. In CAF males, sucrose preference
also decreased significantly at the 0.06 M (p < 0.01) and 0.1 M (p < 0.05) concentrations, and
tendencies were found at 0.03 M (p = 0.072) and 0.3 M (p = 0.061) concentrations compared
to the STD diet. No significant effect was found between CAF and CAFR in either sex.
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Figure 5. Sucrose preference for different sucrose solution concentrations by group in both sexes.
Only solutions in which a significant result was found are shown. (A) Preference at 0.03 M in females.
(B) Preference at 0.06 M in females. (C) Preference at 0.1 M in females. (D) Preference at 0.3 M in
females. (E) Preference at 0.03 M in males. (F) Preference at 0.06 M in males. (G) Preference at 0.1 M
in males. (H) Preference at 0.3 M in males. * p < 0.05, ** p < 0.01, and *** p < 0.001 STD versus CAF;
#p < 0.05 and ## p < 0.01 versus non-exercised corresponding diet group.

Pairwise comparisons showed that CAF females decreased their preference for the
0.03 M (Figure 5A) (p <0.05), 0.06 M (Figure 5B) (p < 0.05), and 0.1 M (Figure 5C) (p < 0.05)
solutions, while CAF males decreased their preference for the 0.03 M (Figure 5E) (p < 0.05),
0.06 M (Figure 5F) (p < 0.001), 0.1 M (Figure 5G) (p < 0.01), and 0.3 M (Figure 5H) (p < 0.010)
solutions compared to STD. Within diet conditions, exercise decreased sucrose preference
in STD and CAF females. Specifically, exercise decreased sucrose preference in STD at the
0.03M (p < 0.01) and 0.1 M (p < 0.05) concentrations, and in CAF at 0.1 M (p < 0.05).

3.5. CAF Decreased Hedonic Reactions to Concentrated Sucrose Solutions in Males but Not
in Females

To determine the hedonic reactions as measured by the tongue protrusions (TP) elicited
in response to tasting the different sucrose concentrations (0.03 M, 0.1 M, 0.3 M, and 0.6 M),
a taste reactivity test was performed. Results showed that, in males, CAF diet decreased
the total number of TPs compared to STD (Figure 6D) (p < 0.05). CAF diet also tended to
decrease the total time spent performing TPs (Figure 6E) (p = 0.094). No significant effects
were found in females (Figure 6A—C) when comparing STD and CAF, and no significant
differences were found between CAF and CAFR in either sex. The detailed behavior elicited
by each sucrose concentration is shown in Supplementary Figure S2.
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Figure 6. Hedonic responses (tongue protrusions, TP) in the taste reactivity test in both sexes.
(A) Total number of TPs in females for all sucrose solutions tested. (B) Total time spent doing TPs
in females. (C) Percentage of females that contacted the sucrose solution during the test days and
performed at least one TP. (D) Total number of TPs in males for all sucrose solutions tested. (E) Total
time spent doing TPs in males. (F) Percentage of males that contacted the sucrose solution during the
test days and performed at least one TP. * p < 0.05 STD versus CAF.

3.6. Licking Test

To determine the reward value and the sensitivity to sucrose concentrations, a brief-
access licking test was performed. For details on the training sessions, see Supplementary
Figure S3.

CAF Decreased the Lick Response in Females and Exercise Decreased It in Both Sexes

The analyses in females showed that CAF diet tended to decrease the number of
trials initiated (Figure 7A) (p = 0.068) and significantly decreased the total licks (Figure 7B)
(p < 0.05) compared to the STD diet, with no effect of exercise or the interaction. A main
effect of concentration on the number of licks (Figure 7C) was found (p < 0.001), but it was
unaffected by the interventions. However, the between-subject effects indicated that CAF
diet decreased the overall lick score (p < 0.05). When analyzing the burst size comparing
STD and CAF (Figure 7E), we found a significant main effect of concentration (p < 0.001),
and no interaction with factors. However, the between-subject effects showed a significance
for the factor diet (p < 0.01), with exercised animals presenting higher burst size than
non-exercised animals.

When comparing CAF and CAFR females, we found an increase in the number of trials
initiated (p < 0.05) and the total licks (p < 0.05) in the CAFR female groups, with no effect of
exercise or the interaction. Regarding the lick score (Figure 7D), the analysis revealed that
the concentration x diet interaction was significant (p < 0.01), indicating an increase of the
lick score in CAFR animals at 0.3 M (p < 0.05) compared to CAF, with 1 M being close to
significance (p = 0.055). There were no significant concentration x exercise or concentration
x diet x exercise interactions. The test of between-subject effects was significant for the
diet x exercise interaction in females (p < 0.05), indicating that CAF-E animals performed
fewer licks overall than CAF-C (p < 0.05), while CAFR-C and CAFR-E animals did not
differ. When comparing the burst size (Figure 7F) between CAF and CAFR females, we
detected significance for the factor diet (p < 0.01), but not for exercise or the interaction,
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suggesting an increased orosensory stimulation in CAFR females compared to CAF at the
0.3 M (p <0.05) and 1 M (p < 0.01) concentrations. Additionally, the between-subject effects
revealed a significant effect of diet (p < 0.05), indicating overall longer bursts in the CAFR
than in the CAF female groups.
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Figure 7. Licking test for both sexes. (A) Number of trials initiated in females. (B) Total licks
performed in females. (C) Lick curve in STD and CAF females. (D) Lick curve in CAF and CAFR
females. (E) Mean burst size in STD and CAF females. (F) Mean burst size in CAF and CAFR females.
(G) Number of trials initiated in males. (H) Total licks performed in males. (I) Lick curve in STD
and CAF males. (J) Lick curve in CAF and CAFR males. (K) Mean burst size in STD and CAF males.
(L) Mean burst size in CAF and CAFR males. Dashed lines in A and G indicate the total number of
trials in a session (64 trials). * p < 0.05 and ** p <0.01 STD versus CAF; $ p < 0.05 and $$ p <0.01 CAF
versus CAFR; # p < 0.05 versus non-exercised condition.

The analysis in males of the number of trials initiated and the total number of licks
performed in the test session revealed that CAF animals initiated fewer trials (Figure 7G)
(p <0.05) and performed fewer licks (Figure 7H) (p < 0.05) than STD animals, with no effect
of exercise or the diet x exercise interaction on these two variables. When analyzing the
lick score at each concentration (Figure 7I), a main effect of concentration was found in
males (p < 0.001), which was affected by diet and exercise (p <0.05). This translated into a
lower response to the 0.1 M solution in CAF-fed animals (p < 0.05) and a similar tendency
at 1 M (p = 0.061) compared to STD. The effect of exercise per se was not noticeable at any
concentration. We then analyzed the burst size (Figure 7]), defined as the mean number

61

—
| —



Nutrients 2023, 15, 144

13 of 21

of consecutive licks with an interlick interval between 50 and 250 ms. Results showed a
significant main effect of concentration (p < 0.001), indicating progressively longer bursts as
concentration increased, but no significant interactions with diet or exercise. This measure
is thought to reflect the potency of orosensory stimulation and the perceived palatability of
the tastant [52].

When comparing CAF and CAFR males, no differences in the number of trials initiated
or the total number of licks appeared. We found a tendency toward diet affecting the lick
score (Figure 7]) (p = 0.066), which translated into an increased lick response by CAFR
animals at 0.1 M (p < 0.05). No effects on lick response were detected for exercise or the
concentration x diet x exercise interaction. The analysis of burst size (Figure 7L) showed
an effect of exercise (p < 0.010), but no effect of diet or the interaction. Pairwise comparisons
between exercise conditions revealed that exercised animals performed longer bursts at
the 0.6 M concentration (p < 0.05) than non-exercised animals. Additionally, the between-
subject factors revealed a significant effect of diet (p <0.05), with CAFR males performing
in general longer bursts than CAF males.

Data for the lick score were fitted to a logistic function; the curve fit was good for both
experiments with an R? value of 0.763 = 0.051 for males and 0.819 = 0.083 for females.

Data for the ILI distribution by experimental group are reported in Supplementary Figure S4.

4. Discussion

In this study, we showed that CAF diet successfully induced obesity both in females
and in males, and that CAFR intervention successfully ameliorated this effect. The outcomes
of this dietary intervention were greater in females than in males. The CAFR diet in
females decreased BW, Lee index, and adiposity and improved metabolic risk factors
(decreased serum glucose, insulin, triacylglycerides, and insulin resistance), while CAFR in
males decreased only adiposity and leptin levels [44]. CAFR in both sexes decreased the
proportion of non-chow foods consumed and increased the proportion of chow consumed,
suggesting a healthier food intake pattern. Exercise decreased cholesterol levels in males
indicating an amelioration of the MetS risk, but it did not exert noticeable effects upon the
biometric variables in either sex.

Regarding the biometric parameters, the obesity induced by CAF diet in this study
was similar to that induced in previous studies by our group and others [22,29,53]. Both
sexes exhibited similar changes over the obesity induction period, with differences in BW
between groups appearing earlier in females than in males. This might be explained by the
fact that females presented a higher CAF intake and a lower chow intake than males, which
has also been reported in a model of high-fat diet (HFD) [54]. Previous studies reported that
rodent males under HFD gained body weight more rapidly than females, which presented
a delayed response [54,55]. These results partially contrast with ours; however, the fact
that these studies used a HFD while ours used the CAF diet might partially explain the
different results we obtained here. Eating patterns differ between DIO diets, with CAF
inducing higher intakes than HFD [23,26] and reducing the amount of chow consumed
due to the higher preference for palatable foods. Interestingly, females showed a higher
preference for cafeteria diet overall than males, in accordance with other studies [54].

Another interesting finding of the present study was the differential effect of CAFR
diet on decreasing BWG in females but not in males, despite CAFR females maintaining
a higher proportion of non-chow food intake than CAFR males. It has been previously
reported in mice that, when switching from HFD to chow, females lose body weight faster
than males [55], which is in accordance with our results, since our animals were switched
from CAF to CAFR diet, which increased chow intake. The CAFR diet shifted the intake
of the animals toward a healthier profile that included increased chow intake, which is
considered a healthier food choice than CAF, and decreased cafeteria diet intake in both
sexes, which is consistent with previous observations in animals fed this diet [29,56]. This
might partially mimic the human behavior of eating small portions of palatable energy-
dense food while following dietary treatments aimed at increasing the amount of healthy
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food consumed (here represented by chow). This shift in intake only ameliorated biometric
parameters in females, but not in males, despite the adiposity being decreased in both sexes.
Metabolically, our CAF intervention resulted in a profile that can be considered characteris-
tic of obesity (hyperglycemia, hypertryacilglyceridemia, hyperinsulinemia and increased
insulin resistance, and hyperleptinemia). These consequences of CAF diet have already
been widely reported by us and others [25,26,29] and are indicative of the development of
MetS in these animals.

Regarding the metabolic and hormonal parameters, the effects of CAFR diet seemed
to differ between sexes, with females showing an attenuation in the levels of circulating
glucose, TAGs, leptin, and insulin, as well as the HOMA-IR, while, in males, only the
cholesterol levels decreased as a result of CAFR diet [44]. This might be explained by the
greater responsiveness that females present to CAFR dieting.

Exercise did not modulate the intake, and no differences were observed between
exercised and control animals in food intake, this is also consistent with other reports in
which exercise of a similar intensity was unable to modify energy or food intake [47,57].
In line with this, we also detected that exercise had no noticeable effect on either the
biometric parameters or the metabolic and hormonal profile in either sex. While similar
interventions to the one used here have shown a 25% reduction in body weight gain in
adult Sprague-Dawley rats [57], it seems that greater intensities or voluntary exercise rather
than moderate treadmill training are more effective at inducing weight loss [58,59]. Another
factor that might influence this parameter is the choice of rat strain; in the present study,
Long-Evans animals were used, while, in Leigh et al. (2020) [57], Sprague-Dawley animals
were used. The Long-Evans rat strain is known to be more active than Sprague-Dawley [60];
this might imply that higher exercise intensities were necessary in Long-Evans than in
Sprague-Dawley in order to generate significant changes. Even in the absence of effects on
those variables, exercise produced new and noticeable behavioral outcomes, decreasing
sucrose consumption in both sexes and decreasing the palatability of sucrose in males.

In this study, we performed three tests which act concurrently to provide information
about several aspects of ingestive and motivational behavior: the two-bottle sucrose prefer-
ence test, the taste reactivity test, and the brief-access licking test. In the preference test,
a reduction in sucrose intake can be interpreted as anhedonia and decreased appetitive
behavior [61]. Similarly, in the taste reactivity test and the brief-access test, the number
of animals initiating the behavior and the number of trials initiated, respectively, can
also be interpreted as a measure of appetitive behavior [49]. In the taste reactivity test,
the hedonic reactions elicited by the tasting of sucrose are considered a measure of how
much the animals liked the stimulus [40,46], and a similar interpretation can be made from
the preference index in the preference test [40]. Lastly, in the brief-access test, the lick
responses at each sucrose concentration can be interpreted as a measure of the ingestive or
consummatory behavior elicited by the tastant [47-49]. The length of the licking episodes
performed at each sucrose concentration is a measure of the orosensory feedback power
and the perceived palatability of that sucrose concentration [52,62].

The behavioral results indicated that “wanting” (i.e., how much of a reward is con-
sumed) was affected by CAF diet. This was observed as a decrease in sucrose intake in the
sucrose preference test in both sexes, a decrease in trials initiated in the brief-access test,
and fewer CAF-fed animals tasting the stimulus in the taste reactivity test, compared to the
STD-fed animals. These three results revealed a decrease in approaching behavior to the
rewarding stimulus [49], which is consistent with previous reports in animals fed a CAF
diet [27]. This decrease in approaching behavior in the brief-access and taste reactivity tests
could result in fewer approaches in the preference test, which could explain the lower su-
crose consumption. Altogether, this could be interpreted as diminished appetitive behavior,
in part dependent on the dopaminergic system [63]. Concurrent with our results, HFD in-
duced obesity in Long-Evans rats, impaired mesolimbic dopamine function, and decreased
the number of operant conditioned responses to sucrose [63]. Moreover, chronic HFD in
rats was related to a downregulation of dopamine and opioid receptors in the mesolimbic
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system [64,65]. Additionally, downregulation of D1 and D2 receptors was observed after
chronic CAF diet, and this effect was greater in females than in males [66]. Dopamine
release in the nucleus accumbens (NAcc) was shown to be increased after sucrose consump-
tion in sucrose-naive rats [67]. HFD diet decreased tyrosine hydroxylase-positive neurons
in the dopaminergic nigrostriatal pathway [68], and a decrease in dopamine release in the
NAcc has been described after intake of milk enriched with 5% fat [69]. The decreased
expression of dopamine receptors coupled with the decrease in dopamine synthesis and
release in obese animals might imply a devaluation of the reward value of sucrose [70].

Another mechanism that might reduce sucrose intake in the preference test is the
development of a depressive state that induces anhedonia in obese animals [71,72]. In fact,
in a modified version of the sucrose preference test, in which animals are administered 1%
sucrose (0.03 M) for 16 h, a diminution in sucrose intake is used to measure anhedonia [61].
In obese rats, the decrease in sucrose intake in a sucrose preference test was interpreted
as anhedonia and related to increased adiposity and leptin levels [73]. In humans, obesity
and depression are highly comorbid [74], and weight loss due to calorie-restricted diets
has been reported to improve depression scores [75]. Several mechanisms have been
proposed to link obesity and depression, including a mild level of chronic inflammation
characteristic of obesity, chronically increased proinflammatory interleukin (IL-2) levels,
and leptin signaling [76,77].

The results regarding appetitive behavior in CAFR-fed animals showed increased
sucrose consumption in the preference test and more trials initiated in the brief access licking
test compared to CAF diet only in females. This might imply a functional improvement
in the dopaminergic system and a partial reversal of wanting compared to CAF diet. In
males, there were no effects of CAFR diet on appetitive behavior, with the values of these
parameters being similar to those of CAF-fed animals. Therefore, females seemed to be
more responsive to the dietary treatments than males regarding appetitive behavior.

This recovery of appetitive behavior in CAFR-fed females might be related to the
amelioration of the obese phenotype. Of note, people in the process of weight loss through
calorie-restricted diets showed an amelioration of depression scores [75]; in another study,
an improvement of depression scores was positively correlated with a decrease in body
weight [78].

With regard to the exercise intervention, a new finding to our knowledge is that
treadmill exercise decreased sucrose intake (i.e., appetitive behavior) in the preference
test. This result is in line with several studies indicating that exercise might produce
functional changes in the dopaminergic mesocorticolimbic pathways that make the animals
less susceptible to the rewarding effects of drugs of abuse [79,80]. For example, voluntary
exercise on a running wheel decreased self-administration of cocaine in rats [79], and the
treadmill exercise in mice decreased MDMA conditioned place preference [81]. In the
same way, exercise might have similar effects on sucrose intake, being protective against
overconsumption of sweet drinks since the intake of both sucrose and drugs of abuse
activates similar pathways in the brain [82]. Exercise has also been reported to increase D2R
expression and protein levels in the NAcc [83,84], although conflicting reports have been
published [85]. In older humans undergoing regular aerobic exercise at 40-80% of maximal
heart rate (walking, jogging, or cycling) for 6 months, D2R availability, measured by PET
scanning, was positively correlated with VO, max [86], indicating that physical fitness
improves dopaminergic function. Additionally, treadmill exercise at a similar intensity
(15 m/min, 40 min) to the one used here induced an increase in dopamine release in the
NAcc after voluntary intake of milk enriched with 5% fat in HFD rats [69].

Regarding liking (i.e., hedonic impact or which reward is consumed), we detected a
decrease in sucrose liking in CAF-fed animals, as evidenced by decreased sucrose prefer-
ence in the two-bottle preference test and decreased hedonic reactivity in the taste reactivity
test. This effect was greater in males than in females since males presented decreased pref-
erence in more concentrations than females, and CAF females did not present a significant
reduction in positive hedonic reactions. As stated above, liking is thought to be mediated
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mainly by the opioid system [87] and to be controlled by small regions in the brain [39]
termed hedonic hotspots. It has been shown that chronic CAF diet induces a decrease in
opioid receptors in the NAcc in males but not in females [66]. In Fam et al. (2022) [27], a
similar CAF diet intervention resulted in no changes to liking of sucrose. However, the
intervention in Fam et al. (2022) [27] started in adult rats, while ours started post weaning,
which might indicate that changes in liking are only present when CAF diet is started early
in life.

Regarding the CAFR diet, results showed no effects of this intervention on liking since
both preference and hedonic reactions were not different between CAFR and CAF animals.

Exercise did not affect the hedonic reactivity in the taste reactivity test. The apparent
reduction seen in CAF exercised animals compared to CAF controls can be explained by the
lower number of CAF exercised animals that initiated behavior, skewing the result toward
lower hedonic reactivity. This lack of effectiveness of exercise upon hedonic reactivity
is consistent with previous reports of treadmill exercise having a minimal impact on
opioidergic signaling [88], considered crucial in the processing of liking [39].

Molecular determinations of the dopaminergic and opioidergic systems are beyond
the scope of this work; however, future research should emphasize this aspect, especially
in animals fed the CAFR diet.

Consummatory behavior can be evaluated in the brief-access test through the lick
score (difference between licks at each concentration and licks to water). Results showed
that the CAF diet in males decreased the lick score at intermediate concentrations (0.1 M),
with no changes at higher concentrations. This might imply that obese animals present
lower consummatory behavior at these concentrations than nonobese animals, putting
obese animals at risk of overconsuming at higher concentrations. CAFR diet reverted
this by increasing the lick score at the 0.1 M compared to CAF-fed animals, aligning their
phenotype more closely with the STD-fed condition.

We detected that exercise decreased the lick score; this effect might act in conjunction
with the decreased appetitive behavior in exercised animals explained above to provide
additional protection against overeating in exercised subjects.

Perceived palatability of sucrose in the brief-access test is evaluated through the burst
size. This parameter is considered to indicate the potency of the orosensory positive
feedback and to reflect perceived palatability [52,62]. We found a decrease in burst size
in CAF-fed animals and more specifically in the CAF females, indicating a decreased
perceived palatability in obese animals. One possible mechanism that might explain this
decrease in palatability is a dysregulation of leptin signaling. The leptin receptor is present
in the neural pathway relaying taste information from the tongue to the SNC. It has been
shown that leptin administration induces hyperpolarization of taste receptor cells [89] and
suppresses the response of the peripheral taste nerves to sucrose [90]. Our results showed
that serum leptin levels increased in CAF groups, to a greater degree in females than in
males (653% increase in females and 224% increase in males compared to the corresponding
STD group). This difference in leptin levels between sexes suggests that the suppression
of the signal transduction for sweet taste could be greater in females than in males. This
would be consistent with the greater decrease in perceived palatability we detected in the
brief-access licking test in females than in males.

Regarding the effects of the CAFR diet, our results show that this intervention corrected
the effects of CAF diet on the perceived palatability in females, with the burst size increased
in CAFR females compared to CAF females, but not in males. This result is also consistent
with the different serum leptin levels in both sexes since the decrease in them was greater in
CAFR-fed females than in males (57% versus 83% reduction compared to the corresponding
CAF group), suggesting an attenuated suppression of the signal transduction for sweet
taste in females [89,90].

Studies in humans have reported that, in women, weight loss induced through either
low-fat or low-carbohydrate diets shifted liking for sweet food toward lower concentrations
compared to baseline [9]. In another study, obese women instructed to reduce their total

65

—
| —



Nutrients 2023, 15, 144

17 of 21

caloric intake and to increase their physical activity decreased BW and BMI and shifted
their perceived palatability of sucrose toward lower concentrations [10]. Considering
these results in humans, although the CAF intervention was interrupted in the females’
experiment, our animals cannot be considered in a fasted state during the behavioral
testing since all animals had access to food. Furthermore, although the CAF and CAFR
diets varied in the amount of food provided, they had the same food items and a very
similar macronutrient composition, indicating that the diet composition per se should not
be a determinant of sweet preference or liking. The results from human studies might
suggest that weight loss rather than changes in feeding habits are necessary to revert the
effects of the obese phenotype on perceived sweetness.

Furthermore, exercise also affected the perceived palatability of sucrose, increasing it.
Although this effect was present in both sexes, it was only significant in males, in which
exercised animals presented the highest burst size for the 0.6 M solution, while, in controls,
the highest burst size was for the 1 M solution. As stated above, leptin is a suppressor of
sweet taste [89,90], and the fact that exercise in CAF males increased serum leptin levels
might explain the increased detection threshold. This result indicates that exercise may
change palatability and switch it toward lower sucrose concentrations, which would be in
line with the reduced sucrose intake observed in the preference test, suggesting a protective
mechanism of exercise against overeating.

One of the limitations of this study was the lack of a mechanistic characterization of
the processes mediating the reported effects. Future studies should aim at characterizing
the effects of CAFR and the combined CAFR and exercise intervention on the dopaminergic
and opioidergic systems, both at rest conditions and as a response to sucrose intake, as well
as leptin receptor expression and dysregulation of leptin signaling in the neural pathway
relaying sweet taste from the tongue to the SNC.

5. Conclusions and Final Remarks

In this study, we showed that the administration of a calorie-restricted cafeteria
diet promotes healthy eating habits, which attenuated the adverse effects of ad libitum
CAF diet to a greater degree in females than in males. This study provides the first
characterization on the effects of CAFR diet on obese females. To our knowledge, the
behavioral characterization of sweet taste behavior presented here in male and female rats
is one of the most complete to date. Furthermore, this allows us to conclude that exercise
might decrease the perceived sweetness, appetitive behavior, and sucrose consumption
in both sexes, whereas CAFR in females increased appetitive behavior which might be
indicative of an amelioration of the depressive state associated with obesity.
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3.3. Capitol 3: Efectes de la dieta de cafeteria restrictiva i I'exercici fisic en
rates femella sobre la conducta de reconeixement d’objectes nous i de

localitzacié.

Els continguts d’aquest capitol es troben en fase de preparacié per a la seva
publicacio a la revista Physiology & Behaviour en format de Short Communication. Per
tant, aquest capitol es presenta d’acord amb les instruccions d’aquesta revista, sense

subapartats en el cos principal del text.

En aquest estudi es van dur a terme un test de reconeixement (object recognition
test) i un de localitzacio (place recognition test) d’objectes amb I’objectiu d’analitzar
les possibles afectacions de I'obesitat, i de les intervencions dietetica i d’exercici fisic

sobre els processos de memoria en rates femella.
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Abstract

We evaluated recognition memory in cafeteria (CAF) diet-induced obese female
rats and the effects of a 30% calorie-restricted cafeteria (CAFR) diet and moderate
treadmill exercise. After inducing obesity through post-weaning CAF diet feeding
for 8 weeks, animals were either maintained under CAF or switched to CAFR
and/or exercise for 8 weeks more. Results from novel object and novel place
recognition tests showed that CAF diet-induced obesity did not affect either object
exploration or object recognition compared to the control and CAFR groups.
However, exercise improved object, but not place, recognition in CAF and CAFR

animals, indicating a possible improvement in memory.

Keywords: Diet-induced obesity, energy restriction, physical activity, object

recognition memory, place recognition memory

Obesity is one of the biggest health concerns worldwide. Epidemiological
studies indicate that a third of the population worldwide is obese or overweight
(Chooi et al., 2019) and obesity rates are projected to increase in the future (Ward et
al., 2019). Obesity is associated with cognitive dysfunction in a bidirectional manner
(E. Smith et al., 2011). A higher BMI has been correlated to poorer global cognitive
function, memory and language in 1703 adults from the Baltimore Longitudinal
Study of Aging (Gunstad et al., 2010). Additionally, in a cohort of 480 children, a
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higher general cognitive function was associated with decreased odds of being

overweight 2 years later (Guxens et al., 2009).

In animal models, similar results have been found. Ad libitum access to a high-
fat/high-sugar diet in male rats generated impairments in hippocampal-dependent
memory processes assessed in a radial maze (Kanoski & Davidson, 2010). Similar
effects in a novel place recognition task are detected in male rats fed a cafeteria diet
for short periods and before an increase in body weight is detected (Beilharz et al.,
2014). Several mechanisms have been proposed to link obesity with cognitive
impairments and specially with hippocampal function (E. Smith et al., 2011). Such
mechanisms are related to the low grade chronic systemic inflammation (Khanna et

al., 2022), and brain insulin resistance (Lee et al., 2016) characteristic of obesity.

Conversely, physical exercise is considered a booster of cognitive function as
well as a protective agent against age-related cognitive decline (Talar et al., 2022).
In rodents, voluntary exercise has been reported to facilitate acquisition in a radial
maze in females (Anderson et al., 2000). Additionally, treadmill exercise in male rats
at 15 m/min for 7 days resulted in improved object recognition memory, which was
related to increased neurogenesis in exercised animals (Bechara & Kelly, 2013).
Moreover, treadmill exercise at 15 m/min for 8 weeks was able to slow the cognitive

deficits in the Morris water maze test in a rat model of aging (F. Yu et al., 2013).

On the basis of this background, in the present study, we used the cafeteria
(CAF) diet as a model of diet-induced obesity (DIO). CAF diet induces obesity
through the administration of highly palatable items of human consumption
(Lalanza & Snoeren, 2021; Sclafani & Springer, 1976), and is considered a robust model
with high face validity for human obesity (Kleinert et al., 2018). We tested in the
CAF diet-induced obese rats the effects of a dietary intervention based on a 30%
calorie-restricted CAF diet (CAFR) (Subias-Gusils et al., 2021 a,b), alone or in
combination with moderate treadmill exercise (Alvarez-Monell et al., 2022 a,b). The
present study aimed to determine whether CAF feeding administered post-
weaning affected cognitive performance in an object and place recognition tasks,

and whether the CAFR diet and/or exercise interventions impacted these effects.

We performed the study using 60 female Long-Evans rats of 23-25 days of age.
Firstly, obesity was induced through CAF diet (CAF group), and another weight-
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matched group of animals (STD group) were maintained with standard chow (2014
Teklad Global Rodent Diet, Envigo). After 8 weeks of obesity induction, animals in
the CAF group were separated in a CAF and CAFR group. This resulted in a
factorial design with 3 diet conditions (STD, CAF, and CAFR) and 2 exercise
conditions (control, C; and exercise, E), giving a total of 6 experimental groups (n=10
each). The CAF diet administered consisted of bacon, biscuits with paté, biscuits
with cheese, muffins, carrots, jellied sugared milk and standard chow. The amount
of food and energy administered per day were 103g and 246Kcal for the CAF diet;
41g and 97Kcal for the CAFR diet; and 290kcal per 100g for the standard chow.
Exercise was performed on a treadmill (Columbus instruments, Columbus, OH,
USA) at an intensity of 17m/min for 35 minutes 5 days/week. The exercise
intervention started at the same time as the CAFR diet intervention. For a detail of
the experimental methodology see the diets administered and the exercise protocol
(Alvarez-Monell et al., 2022 a).

After 8 weeks of interventions, we assessed recognition memory through the
novel object and the novel place recognition tests. Both tests were carried out in 2
identical open field apparatus (66cm width x 66cm length x 47cm height). The
apparatuses were placed in a room separated from the housing room, tests were
carried out in the morning (between 9h and 14h) and recorded with a camera placed
above de apparatus. For both tests, an habituation period lasting 2 days was
performed before the testing. In this period animals were placed in the apparatus
once each day for 10 minutes to habituate them to the apparatus. The two animals
housed together were tested at the same time, one in each apparatus. During all
sessions animals were placed in the open field in the same order. Testing was
carried out during the next 2 days. On the first day one animal performed the novel
object recognition task and the other animal the novel place recognition task, and
on the second day the tasks were switched. All animals performed all habituation

and test sessions in the same apparatus.

In the novel object recognition test two objects were used (Object 1, a cylindrical
tomato can with a red ball attached at the top; and Object 2, a rectangular pack of
detergent). The test consisted of three phases. Firstly, animals were exposed for 5
minutes to either two of Object 1 or of Object 2 (familiarization phase), placing the
objects in the middle of the open field and leaving sufficient space in between for
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the animal to roam. Then, the animals were removed from the open field and
returned to their home-cage for 5 minutes (retention phase). During this time the
apparatus and the objects were cleaned with 70% ethanol. Finally, animals were
exposed for 3 minutes to two objects, one maintained from the first phase and the
other new (test phase). Half the animals in each experimental group were exposed
to Object 1 in the familiarization phase of testing, and the other half to Object 2. The
object to which they were exposed in the first phase is referred to Object Sample (S)
and the new object in the test phase Object New (N), regardless of whether it was
object 1 or 2. Figure 1 details the distribution of the objects in each phase.

In the novel place recognition test, two different objects were used (Object 3, a
cylindrical crystal jar of legumes; and Object 4, a cylindrical plastic jar of cocoa
cream). The test consisted of three phases. Firstly, animals were exposed for 5
minutes to either two of Object 1 or Object 2 (familiarization phase), placing the
objects in the open field close to a wall and leaving sufficient space in between the
objects and the wall and the objects for the animal to roam. Then, the animals were
removed from the open field and returned to their home-cage for 5 minutes
(retention phase). During this time the apparatus and the objects were cleaned with
70% ethanol. Finally, animals were exposed for 3 minutes to two objects (test phase),
one maintained from the familiarization phase and the other moved close to the
opposite wall of the open field. Half the animals in each experimental group were
exposed to Object 3 in the familiarization phase, and the other half to Object 4. The
object to which they were exposed in the familiarization phase is referred to Object
Sample (S), and the new object in the test phase Object Sample” (S), regardless of
whether it was Object 3 or 4. Figure 1 details the distribution of the objects in each
phase.

In both tests the time spent exploring each object was always recorded by the
same trained experimenter. The time exploring each object in the familiarization
phase was added to obtain the total exploration time. In the test phase, exploration

times were used to calculate the Novelty Index as:

Time exploring the novel object (N or S")

Time exploring object N or S’ + Time exploring object S
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Familiarization phase: Retention phase: Test phase:
5 minutes 5 minutes 3 minutes

Novel
Object
Recognition
Task

Rest

Novel
Place
Recognition
Task

Rest

Figure 1. Phases of the novel object and place recognition task showing the positioning

of the objects in the familiarization and test phases.

Data for the novel object and place task was analysed with two 2-way ANOVAs.
A first 2-way ANOVA with the factors diet (STD and CAF) and exercise (C and E)
was used to compare STD and CAF groups. A second 2-way ANOVA wit factors
diet (CAF and CAFR) and exercise (C and E) was used to compare CAF and CAFR
groups.

For the novel object recognition test, the results in the first analysis showed that
neither the diet nor the exercise affected exploration time on the familiarization
phase (Fig. 2. A) nor the Novelty Index (Fig 2. B).

In the second analysis comparing CAF and CAFR groups, we found an effect of
exercise in the exploration time in the familiarization phase [F(1,38)=5.877, p=0.021],
with exercised animals exploring the objects less time than controls. Regarding the
Novelty Index, we also detected an effect of the factor exercise [F(1,38)=4.659,
p=0.038], with exercised animals showing a higher value than control animals.
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Figure 2. Novel object recognition task. A. Exploration time of the two objects in the
familiarization phase of the test. B. Novelty index. # p<0.05 vs non-exercised condition of

the corresponding dietary group. Mean +/- SEM.

Regarding the novel place recognition test, the first analysis revealed that the
exercise decreased exploration time [F(1,35)=4.675, p=0.038] in the familiarization
phase of the test (Fig 3. A), and pair-wise comparisons showed that exercise
decreased exploration time in CAF animals [t(15)=2.213, p=0.043], but not in STD.
We also detected that the factor diet tended towards significance [F(1,35)=3.755,
p=0.062], with CAF animals showing marginally increased exploration. No
significant differences were found when analysing the Novelty Index (fig 3. B). In
the second analysis comparing CAF and CAFR groups, no effect was found for diet
or exercise on exploration or the Novelty Index.
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Figure 3. Novel place recognition task. A. Exploration time of the two objects in the
familiarization phase of the test. B. Novelty index. # p<0.05 vs non-exercised condition of

the corresponding dietary group. Mean +/- SEM.

The results obtained showed that exercise improved cognitive function, mainly
in the object recognition task in CAF and CAFR fed animals. Exercised animals in
these groups improved the Novelty Index, indicating better recognition of the novel
and known objects, despite showing decreased exploration in the familiarization
phase. Conversely, CAF feeding did not have a noticeable impact on recognition

memory.

The fact that DIO had minimal effects on recognition memory is apparently
contrasting with existing reports since, as stated previously, it is generally accepted
that obesity impairs cognitive function. Few studies have been performed
comparing cognitive impairments in DIO male and female rats (Espinosa-Garcia et
al., 2020; Mezo-Gonzalez et al., 2022). In males, cognitive dysfunction was shown
both in a water maze (Espinosa-Garcia et al., 2020) and in an object recognition task
(Mezo-Gonzalez et al., 2022), while in females no dysfunction was detected in the
water maze (Espinosa-Garcia et al., 2020) and in the novel object recognition task
(Mezo-Gonzalez et al., 2022). These results seem to support our findings of minimal

impact of DIO on recognition memory in females.

Aside from the sex of the animals used, the timing of the dietary intervention
also appears to have an impact on the degree of cognitive affectation. Similar CAF
diet interventions than the one used in the present study but started in adult male
rats showed impaired recognition memory (Beilharz et al., 2014; Kendig et al., 2019;
Lewis et al., 2019), while CAF interventions started post-weaning showed no
alterations (Ferreira et al., 2018). All this taken together might imply that a CAF diet
intervention started post-weaning have milder or no effects on recognition memory.
This might be due to adaptive processes that might take place when the dietary

intervention is started at an early age, but not in adulthood.

The CAFR diet also showed no noticeable effects upon recognition memory.
Few reports have been published tackling the effects of a restrictive dietary

intervention aimed at ameliorating obesity, and of those, none has used recognition
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tests, but the water maze instead. These reports showed that restrictive feeding
improves cognitive function by increasing time spent in the target quadrant of the
maze (Kaptan et al., 2015), and by decreasing the latency time to reach the platform
(Nasirinezhad et al., 2022). The lack of effects that the CAFR diet had upon
recognition memory in the present study might be due to the fact that CAF had no
detrimental effects by itself as stated before, therefore making it difficult for a
restrictive diet based on the CAF diet to revert the effects. Taking this into account
the study of the beneficial effects of calorie-restricted diets on cognitive function
seems to be better studied in males than in females, since males show greater

detrimental effects of diet-induced obesity than females.

On the other hand, exercise affected recognition memory mainly in the novel
object task. Exercised CAF and CAFR animals showed decreased exploration in the
familiarization phase, and a higher Novelty Index than control animals in the test
phase, indicating that exercised animals generated a better memory of the objects
with less exploration time. Memory for object recognition is considered to be
strongly mediated by the perirhinal cortex (Aggleton & Brown, 2005; Warburton &
Brown, 2015a). Voluntary physical activity in rats has been reported to improve
object recognition memory, which has been related to increased brain-derived
neurotrophic factor (BDNF) in the perirhinal cortex (Hopkins & Bucci, 2010), and to
a protective effect of exercise against neuronal loss (Jacotte-Simancas et al., 2015).

These results taken together might imply that CAF feeding in females, when
started post-weaning and administered chronically, generates minimal impact on
recognition memory, which might be the result of an adaptive processes that
compensate for the detrimental effects of obesity. However, CAF feeding could
have generated a detrimental effect not observed in the present study, but that can
be at least partially reversed by treadmill exercise. It is also worth remarking that
very few reports have been published tackling the effects on recognition memory

of restrictive diets or exercise on female animals.
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En aquesta tesi s’han exposat 3 treballs amb I’objectiu d’estudiar en un model
d’obesitat induida per la dieta CAF en rates mascle i femella els efectes de les
intervencions de CAF restrictiva i d’exercici, soles o combinades. Préviament, a la
seccié d” Hipotesis i Objectius de la tesi, s"ha exposat la hipotesi que es va plantejar
a l'inici del projecte, la qual estableix que la dieta CAF resultaria en un model
d’obesitat adequat per a l'estudi de les intervencions, i formula que tant la
intervencido de CAF restrictiva com d’exercici millorarien el fenotip dels animals
obesos. Si volem donar una resposta rapida a aquestes hipotesis podriem dir que
globalment s’han complert; de manera que la dieta CAF ha induit I'obesitat i les
alteracions metaboliques esperades, i que aix0 ens ha permes estudiar els efectes de
les intervencions. A més a més, les intervencions han tingut efectes que es poden
considerar de millora respecte el fenotip obes. Tot i aquesta resposta rapida, és
necessari matissar altres aspectes com ara les variables dependents afectades en
cada cas, els efectes diferencials de sexe que hem obtingut i la magnitud de la
millora de les intervencions respecte el fenotip obes. Aquest discussio té com a
objectiu proporcionar aquesta explicacio detallada. I per tal d’orientar i simplificar
aquesta explicacié detallada, incloc les taules segiients que mostren un resum dels

resultats obtinguts i que faré servir al llarg de la discussié a mode de referencia.

4.1. L’obesitat induida per dieta CAF en rates mascle i femella

La dieta CAF va generar un augment important del pes corporal en ambdods
sexes. Aquesta variable per si sola no és indicativa d'un deteriorament de l'estat de
salut dels animals (Bliiher, 2020), essent una mesura més adequada la determinacio
del risc de SM que presenten els animals. En rates, a diferencia que en humans, no
existeixen uns valors estandarditzats a partir dels quals es considera que un animal
té hiperglucemia, dislipidémia o un perimetre abdominal major que un individu no
obes (Rodriguez-Correa et al.,, 2020). Aixo fa que aquests parametres s’hagin de
determinar a partir de comparacions estadistiques amb el grup control. En els
nostres estudis hem determinat que, tant en mascles com en femelles, el grup CAF
presenta un perimetre abdominal, una glucémia i una trigliceridémia major que el
grup STD i, a més, en mascles, uns nivells de colesterol HDL menors. En humans,
aquests parametres, juntament amb la pressio arterial, s'usen en la practica clinica
per a determinar el risc de SM (Alberti et al., 2009). Si apliquem un raonament

semblant als nostres estudis podem afirmar que els animals CAF, d’ambdos sexes,
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presenten almenys 3 dels parametres usats en humans alterats respecte al grup STD.
D’aquesta manera a part de 'augment de pes generat per la dieta CAF, aquesta
també genera un augment del risc de SM. Aquest empitjorament de la salut
metabolica dels animals confirma que la dieta CAF és un bon model d’obesitat, i
que pot ser adequat per a determinar els efectes d’intervencions correctives sobre

la salut metabolica.

Taula 2. Resum dels resultats dels dos experiments duts a terme en aquesta tesi.

Sexe  Dlocde Parametre CAFvsSTD  CAFRvs CAF  Exercici en STD Exercicien CAF L orcicien
resultats CAFR
Parametres biometrics P N = N N
. Ingesta de pinso N2 ™~ = = =
Ingesta i R
. Ingesta de dieta CAF ~tr NN = = =
obesitat
Marcadors SM ™~ NA = = =
Adipositat N~ N N = N
Conducta apetitiva NV = = = =
Gust dolg Conducta heddnica N2 = = = =
Mascles Palatabilitat percebuda = 0 = = N
Home Cage Activity N = o PN PN
Corticosterona Basal NN = = = =
Activi
cuivitat ACTH basal - - - - -
locomotora, . .
L. Corticosterona en pél = = = ~
exploratoria i
eix HPA . .
Activitat exploratoria ™~ = ™ ™ =
Parametres biometrics ~tr NN = = =
. Ingesta de pinso ~t™ NN = = =
Ingesta i Ingesta de dieta CAF Lid s - - -
obesitat
Marcadors SM N~ N = = =
Adipositat ~Ph NV N2 = =
Femelle Test de preferencia N2 N N N2 =
s Gust dolg Respostes hedoniques = = = = =
Palatabilitat percebuda NA T~ = = =
Novelty index, NPR = = = = =
Funcié Exploracio Pretest, NPR = = N2 = =
cognitiva Novelty index, NOR = = = ™ N
Exploracio Pretest, NOR = = = A ¢

En la taula es mostren els resultats obtinguts en els dos experiments (Mascles i Femelles) per varis
parametres dins de cada bloc de resultats. Les fletxes indiquen la direcci6 de I'efecte i el nombre de

fletxes (d'1 a 3) indica la magnitud de l'efecte (de 1 a 3), el simbol “=” indica una manca d’efecte.

Aquests resultats en els parametres metabolics son semblants als obtinguts en
estudis previs duts a terme pel nostre grup de recerca. De manera que una dieta
CAF genera consistentment un augment de 'adipositat, un deteriorament de la
regulacid de la glicemia i una dislipidémia en mascles (Lalanza et al., 2014; Subias-
Gusils et al., 2021 a,b). En femelles s’han dut a terme menys estudis, pero tot i aixo,

s’ha determinat un efecte semblant en estudis previs, amb un augment de
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I'’adipositat, un deteriorament de la regulacié de la glicemia i una dislipidemia
(Cigarroa et al., 2016; Lalanza et al., 2014).

Altres autors també han obtingut resultats semblants en referencia al
desenvolupament de SM en rates alimentades cronicament amb dieta CAF. En varis
estudis en que es va fer una intervencio cronica de dieta CAF (entre 10i 30 setmanes)
s’han detectat alteracions en els marcadors clinics de SM, i en altres estudis s’ha
descrit hipertensié (Doghri et al., 2019; Lozano-Cuenca et al., 2020; Mayneris-
Perxachs et al., 2019; Pons et al., 2016, 2017). A més, aquesta hipertensio sembla ser
més marcada quan la intervencié amb dieta CAF és més prolongada. Aixi, una
intervencid de 16 setmanes va resultar en una diferencia de pressio arterial entre el
grup control i el grup CAF major que 1'observada en estudis amb intervencions de
menor durada (Lozano-Cuenca et al., 2020).

De forma similar als resultats d’aquesta tesi, altres estudis també han detectat
un augment de l'adipositat com a conseqiiencia de l’alimentaci6 CAF cronica
(Caimari et al., 2017; Carvalho et al., 2016; Gomez-Smith et al., 2016; Kendig et al.,
2022; Leigh et al., 2020; Mayneris-Perxachs et al., 2019; Pons et al., 2017). Varies
mesures es poden utilitzar per a determinar 1’adipositat dels animals i diferents
estudis utilitzen una o varies d’aquestes mesures. Aquestes mesures son: (i) 1'ts de
parametres biometrics especifics (perimetre abdominal o Index de Lee), (i) I'ts de
tecniques d’imatge, i (iii) la col-leccid i pesatge de teixit adipds al finalitzar I'estudi.
En alimentaci6 CAF cronica es detecta un augment de ladipositat
independentment de la tecnica utilitzada, de manera que tant 1'is de parametres
biometrics (Carvalho et al., 2016; Kendig et al., 2022; Leigh et al., 2020; Pons et al.,
2017), de tecniques d’imatge (Caimari et al., 2017; Gomez-Smith et al., 2016), com el
pes del teixit adip0s al final de I’experiment (Caimari et al., 2017; Kendig et al., 2022;
Leigh et al., 2020; Mayneris-Perxachs et al.,, 2019) indiquen un increment de
I’adipositat com a conseqiiencia de I’alimentacio cronica amb dieta CAF.

Addicionalment, en el desenvolupament de SM també es troben alteracions en
el metabolisme de la glucosa i en el perfil lipidic (Alberti et al., 2009).El parametre
utilitzat en la practica clinica per determinar el risc de SM és la glucemia basal. En
la bibliografia hi ha resultats oposats per aquest parametre, amb varis estudis amb
dieta CAF cronica mostrant un augment (Caimari et al., 2017; Carvalho et al., 2016;
Derkach et al., 2017; Doghri et al., 2019; la Russa et al., 2019; Lozano-Cuenca et al.,

2020), i d’altres mostrant una glucemia semblant als controls (Gomez-Smith et al.,

86

—
| —



2016; Kendig et al., 2022; Leigh et al., 2020; Livingston et al., 2020; Mayneris-
Perxachs et al., 2019; Pons et al., 2016). Un altre test que es pot realitzar per estudiar
la regulacid de la glucémia en rates i la funcio insulinergica és un test de tolerancia
a la glucosa. Aquest test consisteix en administrar (oral o intraperitoneal) una
concentracio fisiologica de glucosa, i posteriorment determinar la glucemia al llarg
de 2h en resposta a la carrega de glucosa administrada (Bowe et al., 2014). En estudis
amb administraci6 de CAF cronica en que s’ha realitzat aquest test es detecta
consistentment un deteriorament en el metabolisme de la glucosa, de manera que
la glucemia es manté elevada en resposta a la carrega de glucosa en animals obesos
durant més temps que en animals control, tant en estudis en que es detecta un
augment de la glucemia basal (Caimari et al., 2017; Derkach et al., 2017; Doghri et
al., 2019), com en estudis en que no (Gomez-Smith et al., 2016). Aquest resultat
indica que tot i que la dieta CAF no genera un augment consistent de la glucemia
basal, si que genera consistentment un deteriorament en el metabolisme de la
glucosa.

En referencia al perfil lipidic, la SM es diagnostica amb un augment de la
trigliceridemia i una disminucié del colesterol HDL (Alberti et al., 2009). D’aquests
dos parametres, l'efecte de la dieta CAF cronica que es detecta de forma més
consistent és la trigliceridemia elevada (Caimari et al., 2017; Carvalho et al., 2016;
Derkach et al., 2017; Gomez-Smith et al., 2016; la Russa et al., 2019; Leigh et al., 2020;
Livingston et al., 2020; Lozano-Cuenca et al., 2020; Mayneris-Perxachs et al., 2019;
Pons et al., 2016, 2017), encara que tot i ser el resultat més consistent obtingut, també
hi ha discrepancies i algun estudi no detecta hipertrigliceridemia (Doghri et al.,
2019). Es important remarcar que de tots aquests estudis, aquest tltim de Doghri et
al., 2019 és precisament el que administra la dieta CAF amb el contingut més baix
en grasses (18%). Aquest fet podria explicar la baixa afectacié que detecten en el
perfil lipidic dels animals CAF respecte els altres estudis que administren una dieta
amb un contingut en grasses més elevat (entre 25% i 35%).

L’altre marcador lipidic utilitzat és la disminucié de colesterol HDL, el qual
també es troba afectat en alimentacido CAF cronica (Caimari et al., 2017; Derkach et
al,, 2017; Livingston et al., 2020; Mayneris-Perxachs et al., 2019), tot i que en alguns
estudis no s’hi troba cap efecte (Carvalho et al., 2016; la Russa et al., 2019).

Considerant tots aquests resultats es pot concloure que la dieta CAF genera

efectes robusts i negatius sobre la salut metabolica dels animals, que genera un
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fenotip que es pot relacionar facilment amb el desenvolupament de la SM, i que
aquests efectes son suficientment marcats com per poder ser considerada una eina
adequada per l'estudi de tractaments correctius de 1’obesitat

Tot i el gran volum de bibliografia que hi ha centrada en I'estudi dels efectes de
la OID, les diferencies entre sexes en els efectes metabolics estan poc estudiades i hi
ha poques publicacions que comparin directament els efectes d'una dieta
obesogenica en ambdos sexes. Els pocs estudis duts a terme amb una dieta CAF a
llarg termini (26 setmanes) comparant directament mascles i femelles indiquen que
les femelles presenten un guany de pes major que els mascles (Nadal-Casellas et al.,
2012, 2013), de manera que els mascles CAF presenten un pes corporal un 120%
major que els controls, mentre que les femelles CAF presenten un pes corporal un
150% major que els seus controls. En termes d’adipositat, aixo és tradueix en un
index d’adipositat major en les femelles respecte els controls que en els mascles. A
nivell metabolic també es detecten diferencies entre mascles i femelles alimentats
amb dieta CAF, de manera que, tot i que els mascles presenten uns nivells d’insulina
majors que les femelles, I'efecte de la dieta CAF és major en femelles generant un
augment respecte els animals control major, i un index de resistencia a la insulina
amb una afectacio major en femelles (Nadal-Casellas et al., 2012, 2013). En referéncia
al perfil lipidic, un resultat semblant al descrit pels nivells d’insulina es detecta pels
triacilglicerids (Nadal-Casellas et al., 2012). En I'estudi del nostre grup de recerca
de Lalanza et al., 2014 també es van comparar els efectes de la dieta CAF en mascles
i femelles en una intervencio6 de 8 setmanes. En aquest estudi, pero, no es van trobar
tantes diferencies entre sexes, de manera que nomeés es va trobar un augment de
I'’adipositat major en femelles que en mascles. Aquestes discrepancies es podrien
atribuir a la diferencia notable en la durada de les intervencions (26 setmanes contra
8 setmanes), i és possible que una durada major generi de forma progressiva un
deteriorament en femelles major que en mascles.

En aquesta tesi, hem fet una intervenci6 de 23 setmanes tant en mascles com en
femelles, tot i que no de forma conjunta. Els resultats obtinguts séon més afins als
obtinguts en els estudis de Nadal-Casellas et al., 2012, 2013 que als de Lalanza et al.,
2014. manera Aixi, es detecta un augment de pes major en femelles CAF (136%) que
en mascles CAF (115%), en comparacio al grup STD corresponent al mateix sexe, i
un resultat semblant en els nivells d’insulina (406% en femelles CAF contra 174%

en mascles CAF en relacié amb el corresponent grup STD) i de triacilglicerids (222%
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en femelles CAF contra 143% en mascles CAF en relacié amb el corresponent grup
STD), amb un deteriorament en el grup CAF en comparacié amb el grup STD major
en femelles. Tot i aix0, no es detecta una diferencia notable en 1'adipositat entre
sexes.

Aquests resultats en animals alimentats amb dieta CAF durant periodes de
temps diferents sembla indicar que els efectes de la CAF en femelles son de caracter
meés sever a mesura que la intervencio es prolonga en el temps, mentre que en els
mascles, aquests efectes es mantenen més estables al llarg del temps.

En relacio als resultats conductuals obtinguts en animals CAF mascles, el primer
grup de resultats indica que l’alimentacié amb dieta CAF indueix una disminucié
de I'activitat locomotora basal i un augment de 'activitat exploratoria respecte el
grup STD.

Amb la informacié de la que es disposa, el nostre estudi é€s possiblement el
primer en determinar l’activitat locomotora basal al llarg de 24h en animals
alimentats amb dieta CAF a llarg termini, demostrant una disminucié d’aquesta
activitat respecte al grup STD. En experiments fets en rates amb dietes
obesogeniques altes en grasses es descriuen resultats semblants al que hem
obtingut amb dieta CAF (Levin, 1991; Mifune et al., 2015), indicant que la modalitat
de dieta obesogenica juga un paper poc rellevant en la reduccié de l'activitat
locomotora basal induida per ’obesitat. El consens en la majoria de publicacions en
que s’ha determinat I’activitat locomotora basal al llarg de 24 h en animals amb OID
és que el cicle circadiari es deteriora, de manera que I'obesitat indueix una reduccié
en l'activitat durant les hores de foscor, i un augment de l’activitat en les hores de
llum (Kohsaka et al., 2007; Mifune et al., 2015). Els nostres resultats també mostren
una reduccié de 'activitat en les hores de foscor, pero no mostren un augment de
l’activitat en les hores de llum. Aquesta discrepancia és probablement deguda a la
metodologia emprada. En el nostre experiment el test es va iniciar a les 15 h, de
manera que el periode de llum queda partit, mentre que en els experiments de
Kohsaka et al., 2007 i Mifune et al., 2015 la determinacio es va dur a terme durant
varis dies, i es van obtenir dades ininterrompudes de I'activitat locomotora en el

periode de llum.

Altres estudis que han investigat els efectes de l’alimentacié CAF en la

locomocié al camp obert (Garcia-Diaz et al., 2007; Sack et al.,, 2017) durant un
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periode de temps curt (10-30 minuts) conclouen que també hi ha una disminuci6
de la locomocié en els animals alimentats amb dieta CAF. Aquesta metodologia pot
generar un error en el resultat obtingut com a conseqiiencia de la novetat que genera
I'exposicio al camp obert. En el nostre estudi es va mesurar dues vegades l’activitat
locomotora basal. Una just després d’haver induit 1'obesitat i abans d’iniciar les
intervencions de dieta CAFR i d’exercici, i I'altra 8 setmanes després per veure els
efectes de les intervencions. Aixo fa que la novetat en el segon test és reduida degut
a I’'exposicio previa, i que en el segon test els animals s6n 8 setmanes més grans, la
qual cosa també pot afectar la seva activitat motora basal. Addicionalment, les
dades obtingudes durant la primera hora es van eliminar ja que les mesures van
resultar anormalment altes (1000 cm a les 15h contra 287 cm a les 16h), molt
probablement degut a la novetat de I'aparell.

Els resultats obtinguts al HB indiquen un augment en la conducta exploratoria
dels animals CAF respecte els STD. L’OID s’ha documentat varies vegades com a
una intervencio que genera una disminucid de 'activitat exploratoria dels animals
(Abd Al Haleem & El-Bakly, 2019; Arika et al., 2019; Kurhe et al., 2015). Tot i aixo,
el resultat que hem obtingut en el nostre estudi es consistent amb resultats anteriors
del grup (Lalanza et al., 2014) i d’altres (Ulrich-Lai et al., 2010)

Aquesta discrepancia entre els resultats obtinguts en experiments amb dieta
CAF i experiments amb altres dietes obesogeniques indica que la palatabilitat de la
dieta és un factor important a I'hora de determinar els efectes de 1’obesitat sobre la
conducta exploratoria. El fet d’ingerir una dieta saborosa es pot relacionar
directament amb el concepte de comfort food, i d’aquesta manera la dieta CAF podria
induir una reduccid de l'ansietat associada a 1’exposicié a un ambient nou i en
conseqiiencia promoure I'exploracio d’aquest ambient (Ulrich-Lai et al., 2010, 2015).

Aquest efecte de I’alimentaci6 saborosa sobre I’ansietat també es pot detectar en
la disminucio basal dels nivells de corticosterona observada en els animals CAF.
Addicionalment, en la resposta de I'eix HPA a I'exposicié a un ambient nou vam
detectar una lleugera disminuci6 dels nivells d”ACTH en els animals CAF respecte
els STD. Aquests efectes també son consistents amb altres estudis, indicant que la
ingesta d’aliments saborosos es capag de reduir la resposta de I'eix HPA a una
situacio estressant (Ulrich-Lai et al., 2010, 2015).
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En relaci6 als efectes de la dieta CAF sobre la funcié gustativa, els resultats
obtinguts indiquen que la ingesta d’aquesta dieta indueix una disminucio de la
conducta apetitiva en ambdds sexes. Aquest efecte es veu en la disminuci6 de la
ingesta en el test de preferencia i en la disminucié dels assajos iniciats en el test
d’acces curt. Aquest resultat es consistent amb altres estudis on la dieta CAF també
genera una disminucié de la conducta apetitiva (Fam et al., 2022). Aquesta
disminucio es pot relacionar amb el desenvolupament del perfil depressiu que s’ha
descrit tant en models animals d’OID (Abildgaard et al., 2011; Macht et al., 2017)
com en humans obesos (Carey et al., 2014). Alternativament, una disminucio en la
senyalitzacié dopaminergica induida per la dieta CAF també pot explicar en part
aquest resultat. D’aquesta manera, una disminucié en l'expressio dels receptors
dopaminergics D1 i D2 (Ong et al., 2013), conjuntament amb una disminucié de
I’alliberacié de dopamina (W. Chen et al., 2019), induides per la OID, podrien
generar una devaluacid del valor refor¢ant de la sucrosa (Volkow et al., 2013).

Tot i que aquesta disminucid de la conducta apetitiva es veu en ambdds sexes,
aquest efecte presenta una magnitud major en mascles que en femelles. Aquest
fenomen es podria explicar pel fet que s’ha descrit que les femelles son més
susceptibles als efectes de recompensa dels aliments gustosos i demostren una
preferencia de lloc condicionada major que els mascles als aliments gustosos, aixi
com una major expressio de c-fos al Nucli Accumbens (NA) en resposta a la ingesta
d’aliments gustosos (Sinclair et al., 2017). Aixo podria contrarestar els efectes de
I’OID i protegir a les femelles contra la reducci6 del poder reforcant de la sucrosa
induida per la dieta CAF. D’altra banda, les diferencies en la conducta apetitiva
entre ambdos sexes també  podrien estar relacionades amb diferencies
metodologiques entre els experiments. Aixi, en el experiment realitzat en femelles
es va retirar la dieta durant els tests conductuals, mentre que en l'experiment
realitzat en mascles aquesta es va mantenir. La major disminucié en la conducta
apetitiva detectada en mascles es podria explicar pel fet de tenir disponible la dieta
de cafeteria just abans del test.

D’altra banda, la dieta CAF també genera una reduccid en I'avaluacio hedonica
de la sucrosa. Aquest parametre esta principalment regulat pel sistema opioidergic
(Berridge, 2009) en regions petites on micro-infusions d’agonistes opioides poden
modificar ’avaluacié hedonica de la sucrosa (Castro & Berridge, 2014). En linia amb

aquest resultat, en animals alimentats amb dieta CAF s’ha documentat una
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disminucié de I'expressié del receptor u-opioide al NA en mascles, perd no en
femelles (Ong et al., 2013), de manera que aquesta diferencia entre sexes podria
explicar perque en els nostres resultats trobem la conducta hedonica alterada en
mascles en major grau que en femelles.

Finalment, la dieta CAF també indueix una disminucié de la palatabilitat
percebuda a la sucrosa en femelles, pero no en mascles. La palatabilitat percebuda
es pot relacionar amb la capacitat de la via de transduccié de senyals des de les
papil-les gustatives que expressen I’heterodimer T1R2/3 i que tenen la funcid de
receptors pel gust dolc. La leptina té un efecte supressor sobre la transduccio
d’aquests senyals (Kawai et al., 2000; Yoshida et al., 2013). Tal com s’ha comentat
anteriorment, 1’administracié de dieta CAF a llarg termini té un major impacte en
femelles que en mascles, i en aquest sentit els nivells de leptina estan més
augmentats en femelles CAF respecte el corresponent grup STD que en mascles
(augment del 653% en femelles contra 224% en mascles). Aquest efecte diferencial
entre ambdds sexes podria explicar que la disminucid de la palatabilitat percebuda
per efecte de la dieta CAF només s’hagi observat en les femelles.

El darrer conjunt de resultats obtinguts ens indica que l'alimentacié CAF en
femelles no genera un deteriorament de la conducta de reconeixement d’objectes.
En altres estudis en que s’ha dut a terme una intervencié amb dieta CAF s’han
detectat afectacions de la capacitat de reconeixement d’objectes (Beilharz et al., 2014;
Espinosa-Garcia et al., 2020; Kendig et al., 2019; Lewis et al., 2019; Mezo-Gonzalez
et al., 2022). Tot i aix0, en els pocs estudis en que aquesta conducta s’ha estudiat en
els dos sexes, aquestes afectacions estan absents en femelles (Espinosa-Garcia et al.,
2020; Mezo-Gonzalez et al., 2022). Aquest efecte diferencial entre sexes també s’ha
documentat en estudis que utilitzen una dieta obesogenica diferent a la CAF
(Hwang et al., 2010; Lord et al., 2021). El fet que aquestes diferencies entre sexes es
detectin consistentment en animals sotmesos a OID suggeriria que les femelles
presenten una resistencia major que els mascles a I'efecte deteriorant de 1’obesitat

sobre la funcid cognitiva.
4.2. Els efectes de la dieta de cafeteria restrictiva en les rates obeses

Un cop discutits els efectes de la dieta CAF, el segiient pas es discutir quins han

sigut els efectes de la dieta CAFR , determinar si aquesta dieta ha tingut efectes que
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es puguin considerar correctius respecte la dieta CAF i com han sigut aquests
efectes.

En relaci6 als parametres associats a la SM, els resultats indiquen que en mascles,
la dieta CAFR disminueix significativament el perimetre abdominal i I’adipositat..
En canvi, altres parametres como el colesterol HDL, la trigliceridemia i la glucemia
no es veuen afectats de forma significativa, tot i que es la trigliceridemia es redueix
(1688 mg/L en CAF i 1466 mg/L en CAFR), i I’ index de resistencia a la insulina
també (24.5 en CAF i 21 en CAFR). En conjunt, aquests resultats indiquen que els
efectes de la dieta CAFR a I'hora de revertir els efectes de 1'obesitat induida per la
dieta CAF sobre la salut metabolica son petits en els mascles .

En femelles aquest resultat es diferent. Primerament, a diferencia dels mascles,
les femelles CAFR tenen una disminucié del pes corporal i de I'index de Lee en
comparacio amb les CAF. Addicionalment, també mostren una disminuci6é en
I'adipositat, la glucemia i la trigliceridemia. Aquesta disminucié respecte el grup
CAF situa aquests animals en un punt intermig entre els animals CAF i els STD,
indicant una millora important en la salut metabolica dels animals, perd no una
reversio complerta.

En un estudi dut a terme amb una dieta alta en grasses en ratolins en que es va
interrompre la intervencié obesogenica a les 8 setmanes i es va retornar els animals
a una dieta de pinso de manteniment, les femelles van arribar a un pes comparable
al dels animals control més rapid que els mascles (Guerra-Cantera et al., 2021),
indicant que en rosegadors una intervenci6 correctiva de 1'obesitat pot ser més
efectiva en femelles que en mascles.

En humans hi ha pocs assajos clinics sobre els efectes d’una intervencio dietetica
sobre el risc de SM que reportin els resultats pels dos sexes. En els meta-analisis
que reporten el percentatge d’homes i dones inclosos en els assajos clinics analitzats
es pot observar com la majoria inclouen homes i dones (T. Hu et al., 2012), pero no
reporten les dades per cada sexe. Tot i aix0, els pocs que reporten un resultat per
sexe conclouen que no hi ha diferencies notables entre homes i dones (Brinkworth
et al., 2009).

Des d"un punt de vista metodologic, la dieta CAFR és una dieta que restringeix
la quantitat de cada ingredient CAF administrat en un 30% respecte la ingesta
calorica dels animals CAF. Aquesta dieta s’adequa a les directrius actuals que

recomanen als pacients obesos una reduccid calorica d'un 30% sobre la ingesta
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habitual (Jensen et al., 2014). Cal tenir en compte perdo, que aquesta dieta
administrada en animals no obesos després del deslletament indueix un augment
en I'adipositat dels animals intermedi entre els grups CAF i STD (Subias-Gusils et
al., 2021), de manera que es pot considerar una dieta amb un cert efecte obesogenic.
En part, aquesta dieta modelaria als individus amb obesitat o sobrepes que inicien
una dieta amb 1’objectiu de perdre pes, pero segueixen menjant en menor quantitat
aliments alts en grasses i sucres. Aquesta estrategia no és la més adequada, ja que
manté ingredients alts en grasses i/o sucres, i en altres estudis en que es realitza un
canvi de la dieta obesogenica a una dieta estandard és troben efectes correctius més
marcats sobre el perfil obes (Guerra-Cantera et al., 2021). Tot i aixo, la dieta CAFR
utilitzada en els nostres estudis també aconsegueix generar un efecte correctiu, tot i
que aquest sigui de menor magnitud.

S’ha descrit que una interrupcié de la dieta CAF després de 6 setmanes
d’administracié continuada altera I'expressio genica en arees del SNC relacionades
amb 'estres i augmenta els nivells plasmatics de corticosterona (Martire et al., 2014).
La retirada de la dieta de cafeteria a les rates després de 8 setmanes també genera
afectacions al sistema dopaminergic comparables a les generades per la retirada de
sucrosa, alcohol o cocaina, indicant un efecte comparable a la sindrome
d’abstinencia que apareix a I'interrompre 1'ts de drogues d’abuis (Ong et al., 2013).
Addicionalment, en un model de alimentaci6 alta en grasses i sucres, la retirada de
la dieta després de 8 setmanes genera un augment en la conducta ansiosa dels
animals (Pickering et al., 2009). Aquests resultats suggereixen que en humans un
canvi brusc de la dieta podria generar una ansietat i un desig per ingerir aliments
saborosos que indueixi al fracas a I'hora de seguir un regim dietetic estricte. De fet,
estudis en humans demostren que la satisfaccié amb la dieta durant el procés de
perdua de pes esta inversament relacionada amb marcadors de depressid, estres i
ansietat (Moradi et al., 2021), i que la simptomatologia depressiva esta directament
relacionada amb l'adherencia a una dieta (Khalil et al., 2011). Aix0 pot indicar que
un efecte semblant a ’observat en models animals també es dona en persones quan
es retira una dieta preferida.

La dieta CAFR, a part de generar una ingesta calorica menor respecte la CAF
degut a la quantitat menor de calories administrades, també genera una millora en
el perfil d’ingesta dels animals tot promovent la ingesta de pinso. D’aquesta manera

en els animals CAFR un 25% de les calories ingerides provenen del pinso, mentre
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que en els animals CAF aquest percentatge és inferior al 10%. A priori, aquest efecte
pot semblar generat pel fet que la quantitat de dieta CAF disponible és menor en els
animals CAFR. Els animals CAFR tenien disponibles diariament de mitjana
aproximadament 60 kcal, tant en mascles com en femelles, mentre que la ingesta
mitjana dels animals STD es de 55 kcal diaries en mascles i de 38 kcal diaries en
femelles. Per tant, aquestes dades indiquen que I’augment en l'ingesta de pinso no
hauria de ser un mecanisme compensatori degut a un deficit energetic generat per
la dieta CAFR.

Un dels objectius d’aquest treball era avaluar els efectes de la dieta CAFR sobre
les conductes ansioses i sobre I'eix HPA per determinar si aquesta dieta genera o no
els efectes associats a la retirada de la dieta. En aquest aspecte la dieta CAFR no
augmenta l'activitat basal de 1'eix HPA, sent els valors d’ACTH i de corticosterona
semblants als dels animals CAF, i la conducta ansiosa mesurada amb el laberint en
creu elevat tampoc esta afectada. Aquests resultats semblen indicar que la dieta
CAFR no provoca efectes comparables als de la retirada completa de la dieta, de
manera que, possiblement una intervencio semblant a la dieta CAFR en humans
sigui sostenible a llarg termini i podria prevenir una disminucio en la satisfaccio de
la dieta i un augment en I'estres generat pel tractament dietetic.

Un altre efecte observat de la dieta CAFR és ¢és 'augment en la conducta
apetitiva en femelles pero no en mascles. Un possible mecanisme que podria
explicar aquest efecte és una reversid dels efectes de 1’OID sobre el sistema
dopaminergic. En un estudi fet en ratolins amb una dieta alta en grasses es va
determinar que després de 12 setmanes d’accés ad libitum, la retirada durant 4
setmanes de la dieta induia una reversidé en l'expressio genica dels receptors
dopaminergics D1 i D2 en femelles pero no en mascles (Carlin et al., 2013). Un efecte
semblant sobre el sistema dopaminergic en el nostre experiment podria
proporcionar una explicacié a la reversid en conducta apetitiva detectada en les
femelles. En un experiment dut a terme a 'Octubre de 2020 al nostre laboratori en
col-laboracié amb el grup “Behavioral and translational neuroscience” dirigit per la Dr.
Eelke Snoeren de la Universitat Artica de Noruega amb 1'objectiu de determinar
I’activacié neuronal en resposta a la ingesta de dieta CAF en femelles a traves del
marcador c-fos, es va determinar que una intervencié de 6 setmanes amb dieta CAF
genera una activacio neuronal en el NA menor que la dieta STD, mentre que la dieta

CAFR provoca una activacié major perd no de forma significativa (dades no
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publicades). Aquests resultats s’alineen amb la bibliografia disponible i amb els
nostres resultats conductuals.

D’altra banda, la recuperacio6 en la conducta apetitiva observada en les femelles
CAFR també podria estar relacionada amb la reversio del perfil depressiu associat
a l'obesitat. Una de les teories utilitzades en I'estudi del desenvolupament de la
depressio €s la teoria inflamatoria de la depressié (Wachowska & Gatecki, 2021).
Aquesta teoria assumeix la interaccid entre els sistemes nervids, immunitari i
neuroendocri, i estableix les citocines com a element connector que permet la
interacci6 entre aquests sistemes. D’aquesta manera, s’ha determinat
especificament un augment en les citocines pro-inflamatories IL-1 i IL-6 en pacients
depressius i un augment en la simptomatologia depressiva (disforia, anhedonia,
ansietat i fatiga) en pacients sotmesos a un tractament amb citocines (Schiepers et
al.,, 2005). Una de les caracteristiques del fenotip obes és la presencia d'un estat
inflamatori cronic lleu (Bastard et al., 2006; Gregor & Hotamisligil, 2011). En models
animals també es detecta un augment en el grau d’inflamacio, tant en intervencions
de dieta a llarg (Morrison et al., 2010; Pistell et al., 2010) com a curt termini (Beilharz
et al., 2014; Giovana Maciel Reis et al., 2023). En experiments anteriors amb el model
de dieta CAF també hem detectat un augment en el marcador inflamatori MCP-1
després de 8 setmanes de dieta CAF (Subias-Gusils et al., 2021a), indicant un
augment en el grau d’inflamacio sistemica. Aquesta inflamacid cronica sistemica
també s’ha documentat que disminueix en animals en que s’ha induit una
disminucio en el pes corporal a traves d"un canvi en la dieta (Rodrigues et al., 2020).
En els nostres experiments també hem detectat una lleugera disminucié dels nivells
serics de MCP1 en el grup CAFR respecte el grup CAF en mascles (p=0.077), i una
disminuci6 significativa en femelles (p=0.010), de manera que la dieta CAFR també
es capag de generar una disminucio del grau d’inflamacié sistemica sent aquesta
disminucié major en femelles que en mascles (dades no mostrades).

Tenint en compte aquests resultats en referencia a la inflamaci6 sistemica es
podria concloure que la millora en el deficit de conducta apetitiva en animals
femella CAFR respecte CAF estaria associada a una millora en el grau d’inflamacio
sistemica. Addicionalment, el fet que en femelles es trobi una disminuci6é major de
MCP-1 que en mascles és consistent amb el fet que la millora en la conducta

apetitiva també es major en femelles que en mascles.
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Els resultats obtinguts en I'analisi de la palatabilitat percebuda de la sucrosa
també indiquen una diferencia entre sexes, tot i que de magnitud menor.. En aquest
parametre, les femelles CAFR presenten una reversio respecte els efectes de la dieta
CAF major que els mascles. Com ja s’ha comentat, la leptina té un efecte supressor
sobre la transduccio de senyals des del receptor gustatiu fins al SNC (Kawai et al.,
2000; Yoshida et al., 2013). Els nostres resultats indiquen que els efectes de la CAFR
sobre els nivells de leptina son majors en femelles que en mascles. Els nivells de
leptina en mascles CAFR son un 82% comparat amb els CAF, mentre que aquest
percentatge és d'un 57% en femelles CAFR comparat amb les CAF. Aquesta
reducciéo major dels nivells de leptina en femelles podria indicar una supressio
menor de la transduccié de senyals i, en conseqiiencia, una palatabilitat percebuda

major.

4.3. Els efectes de I'exercici moderat al tapis rodant en les rates obeses

A més de la intervencié dietetica amb la dieta CAFR, en aquest treball també
s’ha fet una intervencio d’exercici fisic al tapis rodant.

Primerament, cal indicar que els protocols utilitzats en mascles i femelles per
aquesta intervencié d’exercici fisic van ser lleugerament diferents. En termes de la
intensitat, en mascles vam usar una intensitat de 12m/min, mentre que en femelles
van usar 17m/min. Aquesta diferencia respon al fet que les femelles tendeixen a ser
més tolerants a l'exercici que els mascles, de manera que intensitats majors son
necessaries per generar efectes semblants. Aquest fenomen ja va ser observat en
experiments anteriors del nostre grup, on les mateixes intensitats de 12 i 17 m/min
van ser usades (Cigarroa et al., 2016; Lalanza et al., 2012), i també ha estat observat
per altres grups (Foright et al., 2020). Aixi, en un experiment amb una intervencio
al tapis rodant de 4 setmanes a una intensitat de 15m/min es va determinar el grau
d’acompliment de l'exercici en una escala de Il al 10. En aquesta escala es puntua
cada animal en cada sessio al tapis rodant d’acord amb si 1’animal realitza 1'exercici
de forma correcta (corre a l'inici de la cinta de forma continuada durant tota la
sessid) o de forma incorrecte (quedar-se al final de la cinta durant tota la sessio sense
fer exercici). Aquesta escala va donar diferencies entre sexes de manera que les
femelles van obtenir en conjunt una puntuacié propera a 8 i els mascles una
puntuacié propera a 6. Aquesta diferencia entre sexes també es pot detectar en un

test de camp obert, on les femelles presenten una activitat locomotora més elevada
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que els mascles (Knight et al., 2021). D’aquests resultats es pot concloure de forma
robusta que les femelles son més actives que els mascles.

Respecte al desenvolupament de la SM, I'exercici €s una intervencié que genera
uns efectes menors que la intervencié amb la dieta CAFR. manera Aixi, I'tnic efecte
destacable de I'exercici és una disminucidé de I'adipositat en mascles, indicant un
efecte modest. Aquest resultat ha estat reproduit de forma consistent (Bulmus et al.,
2022; Cigarroa et al., 2016; Leigh et al., 2020; Sudrez-Garcia et al., 2017), de manera
que l'exercici d’intensitat moderada al tapis rodant no aconsegueix revertir els
parametres de risc per sindrome metabolica en animals obesos.

En aquest estudi la intervencidé d’exercici fisic que s’ha usat és de caracter
correctiu, de manera que aquesta intervencid esta encaminada a generar una
reversio de les alteracions associades al desenvolupament de 1’obesitat. Una altre
manera en la que es pot implementar 'exercici és com a terapia preventiva, de
manera que la intervencié d’exercici s’aplica de forma conjunta amb una intervencio
dietetica obesogenica per tal de determinar si és capag de prevenir el
desenvolupament de 1'obesitat. Les intervencions preventives es consideren més
efectives a ’hora de pal-liar I’obesitat en humans (Romanelli et al., 2020). En models
animals, aquest efecte també es pot detectar, de manera que quan I'exercici s’aplica
de forma preventiva, els animals sotmesos a una dieta obesogenica presenten una
adipositat i trigliceridemia menors, i una regulaci6 de la glucemia millor que els
animals sedentaris (Gopalan et al., 2021; Suk & Shin, 2015; Yang et al., 2022).

Un resultat inesperat d’aquest treball és1” augment dels nivells de leptina en els
mascles del grup CAF-E respecte els CAF-C. Aquest resultat és contradictori amb el
fet que la leptina es secreta de forma proporcional a la quantitat de teixit adipds de
I'individu (Maffei et al., 1995). Tot i aix0, hi ha altres estudis que han reportat un
augment en l'expressio genica de la leptina com a conseqiiencia de 1’exercici cronic
en rates alimentades amb una dieta alta en grasses (de Queiroz et al., 2014). A nivell
agut, 'exercici fisic intens en humans es capag de generar una reduccié transitoria
en els nivells de leptina (Bouassida et al., 2010), de tal manera que aquest efecte
només es detecta després d’un episodi d’exercici de durada superior a 60 minuts, o
que suposi una despesa energetica superior a 800 kcal (Bouassida et al., 2006;
Kraemer et al., 2002). Un exercici d’aquesta intensitat no es comparable amb
I'exercici que han dut a terme els nostres animals, que es considera d’intensitat

moderada.
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Aquest augment en la leptinemia en mascles CAF-E podria ser un possible
mediador a través del qual es produeix la reducci6 en I’adipositat a través de lipolisi
induida per la leptina. Sha documentat que la leptina administrada de forma
cronica es capag de reduir els diposits adiposos (G. Chen et al,
1996).Addicionalment, és possible que aquest efecte sigui major en el diposit
retroperitoneal, ja que tant en l'estudi de de Queiroz et al., 2014, com en el nostre
aquest és el diposit adipos més afectat. D’altra banda, cal destacar que 1'efecte
detectat de I'exercici sobre els nivells de leptina en animals CAF també presenta una
marcada diferéncia entre sexes, de manera que en femelles el grup CAF-E i el grup
CAF-C presenten nivells de leptina comparables. En humans aquest fenomen també
es detecta, havent-se descrit que en individus entrenats, els homes presenten un
augment de leptina major que les dones (Noland et al., 2001). Aquesta diferencia
entre sexes podria respondre en dones a la necessitat de mantenir un index
d’adipositat adequat que impedeixi l'aparicio de disfuncions en la regulacio
menstrual (Royo et al., 2003).

En relacié als efectes de I’exercici sobre els parametres conductuals, hem detectat
un augment de l'activitat locomotora basal en animals STD i CAF sotmesos al tapis
rodant. Aquest efecte reverteix parcialment la disminucié en aquesta activitat
observada en els animals CAF. En la bibliografia no s’ha trobat cap estudi que hagi
analitzat l'activitat locomotora basal durant 24h en animals sotmesos a una
intervencié al tapis rodant. En estudis en que s’ha realitzat una intervencio
d’exercici voluntari en rates amb rodes d’activitat s’ha detectat una reversié dels
efectes de la alimentacid alta en grasses (Mifune et al., 2015). Cal destacar que en
aquest estudi la intervencié realitzada era d’una intensitat molt menor a la del
nostre estudi, ja que els animals només tenien accés a les rodes d’activitat 3 dies
cada 2 setmanes. Tot i aixo, 1'efecte que es va detectar amb 1’exercici voluntari és
major al que hem detectat amb al tapis rodant, de manera que, tot i que I'efecte sigui
comparable qualitativament, quantitativament I’exercici voluntari genera un efecte
molt major.

Els animals amb exercici també presenten una major exploracié en el test de la
taula de forats. Addicionalment, en el laberint en creu elevat els animals CAF i
CAFR mostren una disminuci6 en el nombre d’entrades i de temps passat als bragos
tancats. Aquests dos resultats es poden interpretar com a un lleuger efecte ansiolitic

de I'exercici, independentment del grup de dieta. Els efectes ansiolitics de 1'exercici
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estan ben documentats en la bibliografia. S'ha detectat que una intervencié al tapis
rodant a una intensitat de 12m/min i de 32 setmanes de durada genera un augment
en les conductes d’evitacio en un test d’evitacio activa en dos sentits (Lalanza et al.,
2015). A més, una intervencio a una intensitat de 10m/min i de 17 mesos de durada
també genera un efecte ansiolitic augmentant el nombre d’entrades a la zona
illuminada en el test de la caixa de llum-foscor (Taguchi et al., 2022) D’altra
banda,una intervencid a una intensitat de 15m/min de 4 setmanes de durada també
augmenta el nombre d’entrades als bragos oberts del laberint en creu elevat (Seo,
2018). Aquests resultats indiquen que l'exercici al tapis rodant és capa¢ d’induir un
efecte ansiolitic en diferents intensitats i diferents durades de les intervencions.

L’efecte ansiolitic detectat al nostre estudi va ser de magnitud menor que en
d’altres. Per controlar els efectes de la manipulacio diaria a la que es van sotmetre
els animals dels grups d’exercici, els animals control també es van col-locar al tapis
rodant, pero a una intensitat de Om/min. D’aquesta manera la manipulacié va
resultar igual en tots els grups. En els estudis de Seo, 2018 i Taguchi et al., 2022 no
s’especifica si els grups control van ser exposats al tapis rodant i manipulats de
forma semblant als grups d’exercici. La manipulacié dels animals també esta ben
documentada com una intervenci6 que genera un efecte ansiolitic (Costa et al., 2012;
Ferre et al., 1995; Shafaghi et al., 2022), de manera que és possible que la diferéncia
entre la magnitud de l'efecte ansiolitic de I'exercici entre diferents estudis sigui
conseqiiencia de la metodologia emprada i de si els animals control es manipulen
de forma semblant als animals amb exercici. En un estudi anteriordel nostre grup
d’investigaci6 (Lalanza et al., 2012) es va dur a terme una comparacid entre un grup
d’animals exercitats al tapis rodant, un grup control exposat al tapis rodant a una
intensitat de Om/min, i un grup sedentari no exposat al tapis rodant. Amb aquest
disseny és possible separar els efectes de 1'exposicio al tapis rodant dels efectes
propis de l'exercici i d’aquesta manera es va poder concloure que en el test del
laberint en creu elevat I'efecte ansiolitic prové principalment de I'exposici6 al tapis
rodant.

Un altre resultat important obtingut amb els animals sotmesos al tapis rodant
és una disminucio6 de la conducta apetitiva. Aquest resultat pot estar relacionat amb
els efectes que presenta l'exercici sobre el sistema de recompensa
corticomesolimbic. Varis estudis recents han detectat un augment en I’expressié de

receptors dopaminergics en el NA en resposta a l'exercici. En un estudi una
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intervencid al tapis rodant de baixa intensitat (10m/min durant 20 minuts, 3 dies a
la setmana durant 3 setmanes) va generar un augment del receptor D2 al NA (Sadat-
Shirazi et al., 2022),mentre que en un altre estudi en que es va dur a terme una
intervencid d’intensitat major d’exercici fisic (natacié forcada durant 1h diaria, 5
dies a la setmana durant 5 setmanes), es va descriure un augment tant del receptor
D1 com de D2 (Rosa et al., 2020).

En altres estudis també s’ha detectat un efecte protector de 1'exercici fisic sobre
el poder reforcant de les drogues d’abus. Per exemple, una intervencié de 8
setmanes amb exercici voluntari en rodes d’activitat genera una disminuci6 en el
poder reforcant de la cocaina, de manera que els animals sedentaris realitzen
esforcos majors per obtenir la droga que els animals exercitats (M. A. Smith et al.,
2008). En un altre estudi amb ratolins sotmesos al tapis rodant (10m/min, 1h diaria,
5 dies a la setmana), els animals exercitats van presentar una disminucié en la
preferencia condicionada per lloc induida per un derivat de I'amfetamina, el
MDMA exercici-dependent, de manera que com més setmanes va durar la
intervencid, menys preferencia van demostrar els animals (H. I. Chen et al., 2008).
El consum de sucrosa en rates indueix una activacid al sistema de recompensa
corticomesolimbic semblant a I’activacio induida per les drogues d’abuis (Avena et
al., 2008). Per exemple, s’ha descrit que la ingesta de sucrosa indueix un marcat
augment en l’alliberaci6 de dopamina al NA de les rates (Hajnal & Norgren, 2001).
Aixi, I'exercici podria actuar sobre la ingesta de sucrosa de forma semblant a com
ho fa sobre I'efecte reforcant de les drogues d’abus, de manera que generaria una
disminucio en el consum.

Cal destacar que aquest efecte de I’exercici es va detectar de forma més marcada
en femelles que en mascles. Aquesta diferéncia entre sexes es podria atribuir
parcialment al fet que les femelles realitzen 1'exercici millor que els mascles i s’han
entrenat a intensitats més altes (Foright et al., 2020). Al ser millors corredores les
femelles que els mascles és possible que els efectes de I'exercici també es vegin de
forma més robusta. Una altre possible explicacid és que les femelles sén més
susceptibles a I'efecte reforcant de la ingesta d’aliments saborosos (Sinclair et al.,
2017) i presenten ingestes majors en el test de preferéncia que els mascles.
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4.4. I’estudi cognitiu de les intervencions sobre reconeixement d’objectes

Un altre efecte remarcable de l'exercici és la millora de la capacitat de
reconeixement d’objectes en les femelles CAF i CAFR, pero no en les STD. En
femelles CAF i CAFR exercitades vam detectar un index de novetat major que en
els animals control amb un temps d’exploracié dels objectes menor en la fase de
familiaritzacié. Es a dir, les femelles CAF i CAFR amb exercici van necessitar menys
temps d’exploracié dels objectes mostra per identificar correctament 1’objecte nou
del test. En altres treballs en que s’ha analitzat 'efecte de I'exercici sobre la memoria
de reconeixement d’objectes com a terapia per revertir un deficit cognitiu induit, un
resultat comu a varis estudis és un efecte de I'exercici visible només en el grup
experimental. Per exemple, un exercici intens al tapis rodant (20m/min durant 60
minuts, 5 dies a la setmana durant 8 setmanes) reverteix els efectes negatius sobre
el reconeixement d’objectes provocats per la neuroinflamacié induida a través de
I’administracié repetida de lipopolisacarid bacteria, sense generar efectes notables
en els animals control (Sohroforouzani et al., 2022). De forma semblant, un exercici
de natacié for¢ada (30 minuts diaris, 5 dies a la setmana durant 4 setmanes)
reverteix els efectes sobre la memoria de reconeixement d’objectes en un model
animal d’Alzheimer induit a traves d’una administracié intrecerebroventricular de
estreptozotomicina, també sense generar efectes notables en els animals control
(Bashiri et al., 2020). Tenint en compte aquests resultats i els obtinguts en el nostre
estudi, sembla que I’exercici no genera un efecte en la memoria de reconeixement
en animals sans.

Una cerca bibliografica sobre els efectes de la dieta de cafeteria en la memoria
de reconeixement d’objectes indica que aquesta conducta s’ha avaluat
majoritariament en mascles (Feijo et al., 2019; Ferreira et al., 2018; Kendig et al., 2019;
Lewis et al., 2019), fins al punt que el nostre és possiblement el primer estudi en
determinar la memoria de reconeixement en femelles CAF. En estudis en que
s’'indueix l'obesitat a través d’altres dietes si que s’han fet comparacions directes
entre mascles i femelles. Per exemple en Mezo-Gonzalez et al., (2022) s’indica que
hi ha diferencies notables entre sexes en els efectes de I'OID sobre la memoria de
reconeixement d’objectes, de manera que les femelles no presenten una afectacié
notable sobre aquesta conducta, pero en els mascles esta profundament afectada i
no retenen la memoria de I’objecte conegut. Una revisi6 recent va concloure que les

femelles presenten una capacitat marginalment major en la tasca de reconeixement
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d’objectes que els mascles (Becegato & Sila, 2022). Es factible que aquesta capacitat
major protegeixi a les femelles dels efectes negatius de I'OID.

Una de les estructures clau del SNC encarregada del reconeixement d’objectes
és el cortex perirrinal (Warburton & Brown, 2015b).Lesions en aquesta estructura
provoquen impediments severs en aquest test (Mumby et al., 2007; Mumby & Pinel,
1994) i aquests deficits son detectables a partir d'un periode de retenci6 de 5 minuts
(Norman & Eacott, 2004), que és el que hem utilitzat en el nostre estudi. El BDNF es
un factor implicat en el desenvolupament neuronal i la plasticitat sinaptica (Driscoll
et al., 2012) i s’ha establert una relaci¢ positiva entre I'expressié de BDNF al cortex
perirrinal i la capacitat de reconeixement d’objectes (Callaghan & Kelly, 2012). En
un experiment dut a terme amb rates de la soca Long-Evans mascles i femelles en
que es va administrar una dieta alta en grasses durant 4 setmanes es va analitzar
I'expressio genica de BDNF a I'hipotalem ventromedial i aquesta intervenci6 va
generar una disminucié de l'expressié genica de BDNF en mascles pero no en
femelles (X. Liu et al., 2014). Aixi, si un efecte semblant de disminuci6 d’expressio
de BDNF es ddna al cortex perirrinal, podria explicar en part la resistencia de les
femelles als efectes negatius sobre el reconeixement d’objectes de 1'OID. Varis
estudis indiquen que l'exercici incrementa els nivells de BDNF en femelles. Una
intervencié al tapis rodant (12m/min, 30 minuts, 5 dies per setmana durant 12
setmanes) va augmentar els nivells de BDNF a I'hipocamp en femelles pero no en
mascles (Naghibi et al., 2021). D’altra banda, I’exercici voluntari en rodes d’activitat
genera en mascles un augment del BDNF al cortex perirhinal acompanyat d'una
millora en la tasca de reconeixement d’objectes (Hopkins & Bucci, 2010). Si aquest
augment en BDNF es dona també en femelles podria proporcionar una explicacid a

la millora observada en el nostre estudi.
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5. Conclusions
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1. La dieta CAF ha generat en rates Long Evans mascle i femella un fenotip obes
amb alteracions propies de la sindrome metabolica (major pes corporal, major
circumferencia abdominal, major adipositat, hiperglucemia, hipertrigliceridemia i
major resistencia a la insulina); aquestes alteracions son més importants en femelles

que en mascles.

2. L’obesitat induida per dieta CAF ha disminuit en mascles l'activitat
locomotora al test d’actimetria, el consum de solucié de sucrosa en el test de
preferencia, i la conducta hedonica en el test de reactivitat al gust dol¢. En femelles
I’obesitat induida per la dieta ha disminuit el consum de soluci6 de sucrosa en el

test de preferencia.

3. La intervencié amb la dieta CAFR en els mascles reverteix parcialment els
efectes de la dieta CAF en disminuir el perimetre abdominal i l'adipositat

abdominal i total.

4. La intervencié amb la dieta CAFR en els femelles reverteix parcialment els
efectes de la dieta CAF en disminuir el guany de pes corporal i I'index adipositat, i
millorant els index de glucémia, trigliceridemia, insulinemia, resistencia a la

insulina i leptinémia en femelles.

5. Les intervencions tant amb la dieta CAF com CAFR en mascles disminueixen
els nivells basals de corticosterona al llarg de tot el cicle circadiari, mentre no tenen
cap efecte sobre la resposta de I'eix HPA al’exposicio a la novetat, ni sobre els nivells

de corticosterona en pel.

6. A la taula de forats, la dieta CAFR ha revertit parcialment els efectes de la
dieta CAF en activitat exploratoria en mascles, generant una disminucid en

conducta exploratoria.

7. Laintervencio amb la dieta CAFR en femelles reverteix parcialment els efectes
de la dieta CAF augmentant el consum de solucié de sucrosa en el test de
preferencia, la conducta consumatoria i la palatabilitat percebuda en el test d’acces

curt.
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8. L’exercici al tapis rodant en els mascles CAF genera un augment en leptinemia

i augmenta la conducta exploratoria a la taula de forats.

9. L’exercici al tapis rodant en femelles CAF genera una disminuci6 en el consum

de solucid de sucrosa en el test de preferencia.

10. Globalment, la intervencio dietetica amb la dieta CAFR ha sigut més efectiva
a I'hora de revertir les alteracions associades a I’obesitat induida amb dieta CAF en
femelles que en mascles. L’exercici ha tingut de forma generalitzada un efecte

modest en ambdos sexes.
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