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Abstract

Cholesterol metabolism is tightly controlled in the brain, through an equilibrium of
cholesterol de novo synthesis and cholesterol efflux. Most of the cholesterol in the brain is in
myelin sheaths to insulate axons and to maintain their morphology and synaptic transmission.
The importance of cholesterol in the brain is highlighted by the fact that dysfunctions in its
metabolism homeostasis are correlated with different neurodegenerative disorders. The
hypothalamus, specially the ARG, is the principal brain region in the control of whole-body
energy homeostasis, having a crucial role in metabolic organ regulation.

This project goal was to silence the expression of the Cyp46al mouse gene in the
hypothalamus of C57BL/6J wild-type mice fed with Chow and HFD, and to investigate its
impact in the whole-body metabolism homeostasis. As the ARC is implicated in the control of
whole-body energy metabolism, and oxysterols levels are altered in obesity, we hypothesize
that the silencing of Cyp46a1l gene could lead to an obesity and TIIDM phenotypes.

In this study, C57BL/6J wild-type mice (n=45) were divided into two groups
corresponding to two different diets. One group (n=24) had access to a Chow containing 10%
of fat and the other group (n=21) had access to an HFD containing 60% of fat. This study was
conducted during 12 weeks. In the 4™ week, the two groups of mice (Chow and HFD) were
divided into four subgroups, from which two were submitted to the stereotaxic injection
delivering the AAV of the serotype 5, with the shRNA targeting the mouse Cyp46al gene in
each side of the ARC and two remained non-injected, as control.

The silencing of Cyp46al mouse gene in the ARC of mice fed with Chow and HFD leads
to an increase of BW, changes in food and water intake, to a reduction of glucose tolerance,
of insulin sensitivity and leads also to modifications in several metabolic organs, comparatively
to the non-injected animals. In fact, in the Chow AAV5-shCyp46al animals, the impact of the
silencing Cyp46al gene appears to mimic an HFD effect, whereas in HFD AAV5-shCyp46al
mice this silencing exacerbates the phenotype of obesity. These results could suggest an
important role of the cholesterol metabolism in the brain, specially of the Cyp46al enzyme in
the control of whole-body homeostasis. Finally, additional studies are needed to continue this
project and it would be interesting to perform the overexpression of Cyp46al in the ARC to

investigate if this gene could be a potential target to further genetic therapies.
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Resumo

No cérebro, o metabolismo do colesterol é extremamente controlado através do
equilibrio entre a sintese de novo, conversao e efluxo do colesterol. Quando a sintese do
colesterol excede a sua necessidade no cérebro, ocorre o processo hidroxilacdo do colesterol
em 24-hidroxicolesterol (24-OHC) através da a¢do da enzima CYP46A1, uma enzima codificada
pelo gene CYP46A1. O oxisterol 24-OHC, ao contrario do colesterol, possui a capacidade de
atravessar a barreira hematoencefdlica contribuindo desta forma para a homeostasia do
colesterol no cérebro. Este esta maioritariamente localizado nas bainhas de mielina, de modo
a isolar os axdnios e manter a sua morfologia e transmissao sinaptica. Diversas doengas
neurodegenerativas, como a doenga de Alzheimer e a doenga de Huntington, foram
correlacionados com disfuncdes na homeostasia do colesterol no cérebro, destacando desta
forma a sua importancia no organismo.

O hipotalamo, especialmente o nucleo arqueado, é a regido do cérebro responsavel
pela regulagdo da homeostasia energética corporal, apresentando um papel crucial no
equilibrio entre o consumo e o gasto energético.

O objetivo deste projeto foi silenciar a expressao do gene Cyp46al no hipotalamo de
ratinhos C57BL/6J wild-type alimentados com uma dieta de controlo com baixo teor em
gordura (Chow — low fat control diet) e com uma dieta com alto teor em gordura (HFD - high
fat diet) e investigar o seu impacto na homeostasia energética corporal. Uma vez que o nucleo
arqueado esta implicado regulagao da homeostasia energética corporal e que os niveis de
oxisterdis encontram-se alterados na obesidade, criou-se a hipdtese de que o silenciamento
do gene Cyp46al poderia resultar em um fendtipo de obesidade e de diabetes mellitus do
tipo 2. Desta forma, os ratinhos C57BL/6J (n=45) foram divididos em dois grupos
correspondentes a dietas distintas. Um dos grupos (n=24) teve acesso a uma dieta Chow,
contendo 10% de gordura, e o outro grupo (n=21) teve acesso a uma dieta HFD, contendo
60% de gordura.

Este estudo foi conduzido durante o periodo de 12 semanas, no qual, na quarta semana
os dois grupos (Chow e HFD) foram divididos em quatro subgrupos. Dois grupos foram
submetidos a injecdo estereotdxica bilateral no ARC, constituindo os grupos tratados, (Chow
AAV5-shCyp46al e HFD AAV5-shCyp46al) e os restantes grupos nao foram submetidos a

injecdo estereotaxica, constituindo os grupos de controlo.
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O silenciamento do gene Cyp46al no nucleo arqueado dos ratinhos C57BL/6)J
alimentados com uma dieta Chow resultou em um aumento no peso corporal, na ingestao de
alimentos e de agua, na redugdo da tolerancia a glucose, na sensibilidade a insulina e ainda,
em modificagdes em varios 6rgaos metabdlicos. Da mesma forma, o silenciamento do gene
Cyp46a1l dos ratinhos C57BL/6J alimentados com uma dieta HFD resultou em um aumento do
peso corporal, em uma diminui¢ao da ingestao de alimentos, da sensibilidade a insulina e em
modificagdes nos drgaos metabdlicos.

O silenciamento do gene Cyp46al no nucleo arqueado dos ratinhos C57BL/6J parece
modificar a morfologia do tecido adiposo branco, do tecido adiposo castanho e do figado, nos
animais submetidos a injegao estereotaxica. Os grupos tratados apresentaram importantes
modificagdes na acumulagao lipidica nestes 6rgaos, bem como modificagdes nos niveis de
proteina.

Além disso, o silenciamento do gene Cyp46al resulta em modificagdes no
comportamento nos ratinhos C57BL/6J alimentados com dietas Chow e uma HFD.

Nos animais Chow AAV5-shCyp46al, o impacto do silenciamento parece mimetizar o
efeito de uma HFD, enquanto nos ratinhos HFD AAV5-shCyp46al esse silenciamento parece
exacerbar o fendtipo da obesidade, uma vez que estes animais ja se encontravam
metabolicamente desregulados.

Os resultados podem desta forma sugerir um papel importante do metabolismo do
colesterol no cérebro, especialmente da enzima CYP46A1l no controlo da homeostasia
energética corporal.

Finalmente, estudos adicionais ainda sdo necessarios e seria interessante realizar a
sobre expressao do gene Cyp46al, no nucleo arqueado, para investigar se este gene podera

ser um potencial alvo terapéutico.

Palavras chave: hipotdlamo ¢ metabolismo do colesterol ¢ Cyp46al e oxisterdis e obesidade o

homeostasia energética corporal
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Introduction

1. Metabolic syndrome

1.1. Definition of metabolic syndrome

The concept of metabolic syndrome (MetS) exists for decades and consists in a
clustering of several metabolic abnormalities, which are correlated with an increased risk for
developing cardiovascular diseases (CVD) and type Il diabetes mellitus (TIIDM)(Eckel, Grundy,
and Zimmet 2005). This concept is also known as Syndrome X, the deadly quartet and as the
insulin resistance syndrome (IRS) (Reaven 1988; Kaplan 1989; DeFronzo and Ferrannini 1991).

Already in 1921, it was documented the coexistence of hypertension and diabetes; and
now is established that hypertension is correlated with hyperglycemia and gout (Cornier et al.
2008).
Later, in 1947, it was noted that abdominal obesity was commonly correlated with other
metabolic abnormalities, such hypertension and gout, and with an increased risk for CVD and
diabetes mellitus (Eckel et al. 2005). The correlation of different abnormalities continued to
be documented, and in 1981, it was reported the existence of an increased risk for CVD and
for TIIDM in individuals presenting several metabolic abnormalities (Sarafidis and Nilsson
2006). At the time it was originally nominated this concept as MetS, which included metabolic
abnormalities such TIIDM, hyperinsulinemia, obesity, hypertension and gout (Sarafidis and
Nilsson 2006). Reaven, in 1988, observed that insulin resistance (IR) was present in the
majority of individuals with TIIDM or with impaired glucose tolerance (IGT)(Reaven 1988). The
author introduced the concept of IR as an etiological factor for metabolic abnormalities as
hypertension, IGT, hyperinsulinemia, high levels of very-low-density lipoprotein (VLDL), and
low levels of high-density lipoprotein cholesterol (HDL-Chol)(Reaven 1988). The author
designated the clustering of these metabolic abnormalities as Syndrome X and pointed it as
an increased risk for developing atherosclerotic cardiovascular disease (ACVD) in individuals
with this syndrome (Reaven 1988).

Posteriorly, the abdominal obesity was also introduced as a clinical feature of MetS by
Norman Kaplan, which named the clustering of metabolic abnormalities as the deadly quartet,
thus including abdominal obesity, IGT, hyperglyceridemia and hypertension (Kaplan 1989).

DeFronzo, Ferrannini and Haffner, in 1990s, attributed to IR the underlying pathogenic role



for the increased risk for CVD and TIIDM and nominated the IRS (DeFronzo and Ferrannini
1991). Later, it was documented the role of mutations in peroxisome proliferator-activated
receptors-y (PPAR-y) in predisposition to the MetS (Table 1) (Sarafidis and Nilsson 2006).

The different clustering of metabolic abnormalities and names to designate the MetS,
led to an effort from several health organizations to create a clinical definition of MetS, which
could be important to identify individuals at high risk for developing both CVD and TIIDM
(Table 2) (Alberti, Zimmet, and Shaw 2005; Grundy 2016).

In 1998, the first propose to define the MetS was from the World Health Organization
(WHO) which attributed a pathological role of IR in the progression of other metabolic
abnormalities (Sarafidis and Nilsson 2006). In this clinical definition, IR, identified by the
presence of TIIDM or IGT, was required for establish a clinical diagnosis, as well as the
presence of at least two other more metabolic abnormalities, including obesity (BMI
>30kg/m?), hypertension (blood pressure >140/90 mm Hg), high triglyceride (TG) levels (150
mg/dL or >1,7 mmol/L), low HDL-Chol (35 mg/dL in male and 40 mg/dL in female or <0,9
mmol/L in male and <1,0 mmol/L in female) or microalbuminuria (albumin excretion >20
ug/min)(Eckel et al. 2005; Alberti et al. 2009).

A year later, the European Group for the study of Insulin Resistance (EGIR) proposed an
alternative to the WHO definition, in which the presence of IR with two more metabolic
abnormalities, including abdominal obesity (waist circumference (WC) >94 cm in male and >80
cm in female), hypertension (blood pressure >140/90 mm Hg), dyslipidemia (high TG levels
(TG >2,0 mmol/L) or low HDL-Chol (<1,0 mmol/L)), or hyperglycemia (fasting plasma glucose
>6,1 mmol/L), were required for a clinical diagnosis (Eckel et al. 2005; Sarafidis and Nilsson
2006).

Another proposal to define MetS came in 2001, from the National Cholesterol Education
Program Adult Treatment Panel Il (NCEP/ATPIII) in the USA and was completed in 2002 (Eckel
et al. 2005; Sarafidis and Nilsson 2006). This health organization integrated as metabolic
abnormalities: abdominal obesity (WC >102 cm in male or >88 cm in female), hypertension
(blood pressure >130/85 mm Hg), high TG levels (>150 mg/dL or >1,7 mmol/L), low HDL-Chol
((<40 mg/dL in male and <50 mg/dL in female or <1,0 mmol/L in male and <1,3 mmol/L in
female) or hyperglycemia (fasting plasma glucose >110 mg/dL or >6,1 mmol/L)). According to

this, for the establishment of the clinical diagnosis is required the presence of three metabolic
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Table 1: Shows the timeline of the metabolic syndrome concept; the authors, the year of publication,
the main metabolic abnormalities that composed the concept and the term used. Abbreviations:
ACVD: atherosclerotic cardiovascular disease; DM: diabetes mellitus; IGT: impaired glucose tolerance;
IR: insulin resistance.

abnormalities although IR is not included in this definition (Eckel et al. 2005; Sarafidis and
Nilsson 2006; Cornier et al. 2008).

Another definition was proposed by the American Association of Endocrinology (AAE),
in 2002, which nominated the MetS as IRS (Eckel et al. 2005). This health organization suggests
that the main metabolic abnormalities of IRS are hypertension (blood pressure > 130/85 mm
Hg), high TG levels (>150 mg/dL), low HDL-Chol (<40 mg/dL in male or <50 mg/dL in female),
hyperglycemia (fasting plasma glucose (110-126 mg/dL) or post load plasma glucose (140-200
mg/dL)) and that obesity was not included (Eckel et al. 2005; Sarafidis and Nilsson 2006;
Cornier et al. 2008).

In 2005, the International Diabetes Federation (IDF) proposed a distinct clinical
definition considering different ethnic groups (Sarafidis and Nilsson 2006). In this IDF
definition, the IR is not a metabolic abnormality required for establishing a clinical diagnosis.
On the contrary, the abdominal obesity is one of the five metabolic abnormalities required
(WC >94 cm in male or >80 cm in female, in Europe, or ethnicity-specific values four other
groups) (Alberti et al. 2009). The remaining metabolic abnormalities included hypertension
(blood pressure >130/85 mm Hg), high TG levels (>150 mg/dL or >1,7 mmol/L), low HDL-Chol
(<40 mg/dL in males and <50 mg/dL in females or <1,03 mmol/L in males and <1,29 mmol/Il in
females), and hyperglycemia (fasting plasma glucose (>100 mg/dl or >5,6 mmol/L)) (Sarafidis
and Nilsson 2006).

The American Heart Association/National Heart, Lung and Blood Institute (AHA/NHLBI),
in 2005, slightly modified the NCEP/ATPIII definition, considering that abdominal obesity is
not required for establishing a clinical diagnosis. Later, the IDF and the AHA/NHLBI agreed that
abdominal obesity is a main metabolic abnormality, however not a requirement for the
diagnosis (Sarafidis and Nilsson 2006).

Recently, the most commonly and consensus clinical definition for MetS includes
abdominal obesity (WC >102 cm in male or >88 cm in female), IR, hypertension (blood
pressure >130/85 mm Hg), dyslipidemia (high TG levels (>150 mg/dL or >1,7 nmol/L), low HDL-
Chol (<40 mg/dL or 1 mmol/L in males and <50 mg/dL or 1,3 mmol/L in female) and
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Table 2: Shows the metabolic syndrome clinical definition from several health organizations, the year
of publication, the metabolic abnormalities required for the clinical diagnosis and their cut points.
Abbreviations: BMI: body mass index; EGIR: European Group for the study of Insulin Resistance; HDL-
Chol: high-density lipoprotein cholesterol; IDF: International Diabetes Federation; IGT: impaired
glucose tolerance; IR: insulin resistance; MA: metabolic abnormalities; mm Hg: millimeter of mercury;
NCEP/ATPIII: National Cholesterol Education Program Adult Treatment Panel Ill; TG: triglyceride;
WHO: World Health Organization.

hyperglycemia (fasting plasma glucose (>100 mg/dl or >5,6 mmol/L)) as the common
metabolic abnormalities. Individuals presenting three or more of these metabolic
abnormalities are clinical diagnosed with MetS and for consequence high risk for CVvD and

TIIDM (Table 3) (Alberti et al. 2009; Grundy 2016).

Table 3| Metabolic abnormalities of consensus clinical definition of metabolic syndrome

Metabolic Measure Cut points
abnormalities Male Female
Waist circumference >102 cm >88 cm
Dyslipidemia TG levels >150 mg/dL or >1.7 nmol/L

HDL-Chol <40 mg/dLor 1 <50 mg/dLor 1.3

mmol/L mmol/L

Hypertension Blood pressure >130/85 mm Hg
Hyperglycemia Fasting plasma >100 mg/dl or >5,6 mmol/L

glucose

Table 3: Shows the metabolic abnormalities of the consensus clinical definition of metabolic syndrome
and the cut points in males and females. Abbreviations: HDL-Chol: high-density lipoprotein
cholesterol; mm Hg: millimeter of mercury; TG: triglyceride.

1.2. Epidemiology and susceptibility factors
The incidence of MetS is variable, as it depends on genetic and environmental factors,
as well as, on the geographic location (urban or rural), features of the population (sex, age,
race, BMI and ethnicity), and of course, on the clinical definition of MetS that was used.
Susceptibility factors as socioeconomic status and tobacco exposure can also contribute to

the MetS (Eckel et al. 2005; Sun, Liu, and Ning 2012; Kaur 2014). Worldwide, the MetS



incidence is increasing, which is being related to an increase of age, obesity and sedentary
lifestyle and currently one-fourth of world population is clinically diagnosed with MetS

(Cornier et al. 2008; Saklayen 2018).

1.3. Pathophysiology
As mentioned, the most common clinical definition of MetS includes IR, abdominal
obesity, hypertension, dyslipidemia and hyperglycemia, as the common metabolic
abnormalities found. However, from these, IR and obesity stand out for presenting a potential

pathological role in the progression of the MetS (Alberti, Zimmet, and Shaw 2006).

1.3.1. Insulin resistance

1.3.1.1. Insulin synthesis and secretion

Insulin is an anabolic polypeptide hormone synthesized and secreted in the pancreatic
islets of Langerhans by the B-cells. Insulin is a crucial regulator of carbohydrates, lipids and
proteins metabolism, to maintain the whole-body glucose homeostasis and to promote cell
division and growth (Pessin and Saltiel 2000; Wilcox 2005).

Initially, in B-cells of the pancreatic islets of Langerhans the ribosomes of the rough
endoplasmic reticulum (RER) synthetize preproinsulin, a precursor of insulin. The
preproinsulin is processed to proinsulin and transported from the RER to the trans-Golgi
network into immature secretory granules. In these granules, the proinsulin is processed via
prohormone convertases (PC1/3 and PC2), which are endopeptidases that convert proinsulin
in mature insulin and connecting peptide (C-peptide) (Najjar 2003; Wilcox 2005). Posteriorly,
mature insulin, in mature secretory granules, wait for metabolic signals, as high blood glucose
levels and other stimuli, to be released from B-cells by exocytosis into the circulation (Najjar
2003). Insulin is secreted into the portal venous circulation for clearance on liver, whereas the
remaining insulin exits to the systemic circulation to exert its action in the central and
sympathetic nervous system (CNS and SNS), as well as in peripheral organs and tissues as the

skeletal muscle, adipose tissue and liver (Tokarz, MacDonald, and Klip 2018).



1.3.1.2. Insulin action in the central nervous system

Insulin can cross the blood-brain barrier (BBB) through brain-specific receptors and act
in the regulation of energy homeostasis, through the regulation of food consumption and
energy expenditure, in the arcuate nucleus (ARC) of hypothalamus (Tokarz et al. 2018). Insulin
can cause a decrease of the expression of orexigenic neuropeptides, as neuropeptide Y (NPY)
and Agouti-related peptide (AgRP) and an increase of the expression of anorexigenic
neuropeptides, as pro-opiomelanocortin (POMC) and the cocaine and amphetamine-
regulated transcript (CART) (Tokarz et al. 2018). The modifications in orexigenic and
anorexigenic neuropeptides expression results in a diminution of appetite and an increase in

energy expenditure.

1.3.1.3. Insulin action in sympathetic nervous system
Insulin also stimulates the SNS activity on brown adipose tissue (BAT) to promote heat
production from mitochondrial fatty acid (FA) oxidation. This process is known as

thermogenesis (Porte, Baskin, and Schwartz 2005).

1.3.1.4. Insulin action in peripheral organs and tissues

The action of insulin in peripheral organs and tissues is related with regulation of whole-
body glucose homeostasis. Organs and tissues, as the skeletal muscle and the adipose tissue,
need tissue-specific insulin signal transduction pathways to execute their physiological
functions (Petersen and Shulman 2018). Insulin and glucagon, the principal counter-regulatory
hormone of insulin, regulate the blood glucose levels (Tokarz et al. 2018). Posteriorly to food
consumption and the subsequent high blood glucose levels, insulin binds to the extracellular
subunit-a of the insulin receptor (INR), a heterotetrametric receptor tyrosine kinase in the
plasmatic membrane of target cells (Schmeltz and Metzger 2007; Peterson, 2018). This leads
to the activation of the intrinsic tyrosine kinase activity, which acts in regulation of tyrosine
phosphorylation of the insulin receptor substrate (INRS) proteins. These INRS proteins act as
docking platforms for phosphoinositide 3-kinases (P13K) and the activation of the PI3K/Akt
pathway promotes the stimulation of glycogen synthesis, inhibition of gluconeogenesis and
stimulation of cellular glucose uptake (Kénner and Briining 2012).

Insulin acts in inhibiting glucose production in the liver (gluconeogenesis and

glycogenolysis), through the direct action on hepatic insulin receptors and stimulation of

8



genetic transcription of enzymes that are involved in glycolytic pathways, when a glucose
stimulus occurs (McCracken, Monaghan, and Sreenivasan 2017). In the skeletal muscle and
adipose tissue, insulin induces the cellular glucose uptake through the simulation of glucose
transporter 4 (GLUT4) translocation to the plasmatic membrane of myocytes and adipocytes
and the intra-cellular captation of glucose (Wilcox 2005; Schmeltz and Metzger 2007; Petersen
and Shulman 2018). Posteriorly to the glucose entry in myocytes and adipocytes, the glucose
is stored as glycogen and TG, which is used for glycolysis and for physical functions. Insulin
also presents an important role on lipolysis inhibition and consequently in regulation of blood
free fatty acids (FFA) levels (Petersen and Shulman 2018). In conditions of low blood glucose
levels, the levels of glucagon and catecholamines levels increase, the insulin levels decrease,
occurring a stimulation of translocation and transport of FFA from adipocytes to the skeletal
muscle, liver and to other organs and tissues, for oxidation or re-esterification, to form TG,
and for physiological functions (Vazquez-Vela, Torres, and Tovar 2008).

In low blood glucose conditions, when energy expenditure is superior to energy
consumption, lipolysis increases in adipose tissue, occurring synthesis of FAs from TGs stored
in lipid droplets (Vazquez-Vela et al. 2008). This TG are initially hydrolyzed by the enzyme
adipose TG lipase (ATGL) releasing a diacylglycerol and FA. Subsequently, diacylglycerols are
hydrolyzed by action of cyclic AMP-dependent enzyme hormone sensitive lipase (HSL) and
monoglyceride lipase producing FFA, that are non-esterified fatty acids (NEFA), and glycerol,

which is posteriorly used to produce energy (Vazquez-Vela et al. 2008).

1.3.1.5. Insulin resistance

In many definitions of MetS, the IR stand out for its pathological role in the progression
of MetS. IR is commonly described as an inability in insulin action, which results in fasting
hyperinsulinemia, which is characterized by a high insulin secretion to maintain euglycemia,
in pancreatic B-cells dysfunction and impaired intra-cellular captation of glucose (Reaven
1988; Eckel et al. 2005; Brown and Walker 2016). Upon an excess of food consumption, the B-
cells of the pancreatic islets of Langerhans increase the insulin secretion as a compensatory
mechanism to maintain euglycemia (McCracken et al. 2017). However, with a continuous
excess of food consumption, the B-cells become incapable of secreted sufficient insulin in

response to glucose stimulus (Figure 1). Subsequently it occurs an incorrectly intra-cellular



captation of glucose by GLUT4 and an incorrectly antilipolytic effect of insulin, which result in
hyperglycemia (Kahn, Hull, and Utzschneider 2006).

Moreover, in IR, the peripheral organs and tissues are incapable of maintaining a normal
glucose response, involving the suppression of lipolysis and glucose production in liver, intra-
cellular captation of glucose by GLUT4 and glycogen synthesis in the presence of normal blood
insulin levels (Petersen and Shulman 2018). When an inappropriate and excessive lipolysis of
stored TG occurs, FFA are secreted an abundance into circulation and ectopic lipid
accumulation occurs, which create insulin resistance by adding substrate availability and
modifying the downstream signaling in the liver and skeletal muscle. The overabundance of
FFA leads to the inhibition of insulin antilipolytic effect on lipolysis in the liver and skeletal

muscle, contributing in IR (Eckel et al. 2005; Arora 2010; McCracken et al. 2017).

— —

Environment: T Food consumption

{ Physical activity

Figure 1 | Mechanism of insulin resistance

Insulin resistance is commonly characterized by an increase of the pancreatic B-cells insulin secretion
and growth, as a compensatory mechanism to maintain euglycemia. Upon a continuous excess of food
consumption and other risk factors, the pancreatic B-cells became dysfunctional occurring an impaired
glucose tolerance.



Defects in insulin receptors and in insulin signaling pathway are strongly correlated
with IR (Hunter and Garvey 1998). In fact, several mutations in INR gene have been identified
in patients with IR (Hunter and Garvey 1998). The main mutations in the INR included: non-
sense or frame-shift mutations, which promote a premature stop codon and as consequence
termination of translation and decrease of receptor synthesis; mutations that impair intra-
cellular transport and post-translational processing of receptors; mutations in the insulin
binding domain, which affect the ligand affinity; and mutations that promote endocytosis and
degradation of insulin receptors (Hunter and Garvey 1998). Decreases in the tyrosine kinase
activity, accompanied by impaired phosphorylation of INR and activation of PI3K, and
decreases in GLUT expression were also identified in patients with obesity and TIIDM (Hunter
and Garvey 1998).

The autophagy is a process involved in the degradation of cytoplasmatic components,
such as damaged organelles and proteins, producing energy for cells in low nutrient conditions
(Yorimitsu and Klionsky 2005). Significant defects in autophagy, accompanied with ER stress
and IR, were observed in ob/ob mice (Yang et al. 2010).

In addition, in obesity occurs a lipid accumulation in the adipose tissue that result in an
abundant secretion of FFA, adipokines, pro-inflammatory cytokines, which acts in the liver and
skeletal muscle modifying the inflammatory response and inducing insulin resistance through
multiple mechanisms (Olefsky and Glass 2010).

The PPAR-y is a member of the nuclear receptor superfamily of ligand-inducible
transcription factors 1. PPAR-y is more expressed in white adipose tissue (WAT) and BAT,
where is a regulator of adipogenesis and a potent modulator of whole-body lipid metabolism
and of insulin sensitivity (Maruam et al. 2013). In fact, thiazolidinediones (TZD), which are
antidiabetic agents that act directly reducing the systemic insulin resistance of peripheral
organs and tissues through promotion of the insulin stimulated glucose uptake, are high-
affinity PPAR-y ligands (He et al. 2003; Lehrke and Lazar 2005). Previous observations
documented that mutations in PPAR-y are correlated with severe insulin resistance (Barroso
et al. 1999). However, other mechanisms act in IR and are also involved in many pathologies

(Petersen and Shulman 2018).
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1.3.2. Obesity

1.3.2.1. Definition of obesity

Obesity is a condition resulting from an abnormal or excessive accumulation of adipose
tissue and posterior changes in physiological functions, as consequence of an abundant food
consumption, genetic factors and sedentary lifestyle, which results in an imbalance between
calories intake and calories consumption (Kopelman 2000). Three types of obesity forms were
documented based on genetic and phenotypic characteristics. 1) The monogenic syndromic
obesity, resulting from mutations in Wilm’s tumor 1, paired box 6 and other genes; 2) the
monogenic non-syndrome obesity form, characterized by mutations in leptin (Lep), Lep
receptor (LepR), POMC, melanocortin receptor 4 (MC4R) genes which result in extreme
obesity with an early-onset obesity and endocrine dysfunctions, and 3) the polygenic obesity
form, which is the most common form of obesity and result from alterations in several genes
(Albuquerque et al. 2015).

In obesity, the accumulation of the adipose tissue can be distributed in different parts
of the organism. In generalized obesity, more common in women, the adipose tissue is
distributed around the body, whereas in abdominal obesity, more common in men, the
distribution of adipose tissue can be visceral or subcutaneous (Grundy 2016). The visceral
adipose tissue has an important role in the secretion of FFA into circulation (Grundy 2004).
The subcutaneous adipose tissue is divided into gluteofemoral and upper-body adipose tissue
and is a major contributor to metabolic abnormalities and further progression to MetS

(Grundy 2004; Grundy 2016).

1.3.2.2. Adipocytokines secretion from adipose tissue in obesity

The adipose tissue exhibits important functions related with the secretion of
adipocytokines, which integrates the endocrine, autocrine and paracrine signals that regulates
several processes, such as insulin sensitivity, energy homeostasis and inflammation (Kaur
2014).

Adipocytes can respond rapidly and dynamically to overabundant food consumption
through adipocytes hypertrophy and hyperplasia (Kaur 2014). In obesity, the existence of
adipocytes hypertrophy leads to a dysfunction in the production of adipocytokines such FFA,
adiponectin, Lep, resistin, inflammatory cytokines, angiotensinogen and plasminogen

activator inhibitor-1 (PAI-1) (Figure 2) (Grundy 2016; Furukawa et al. 2017).
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In obesity, it also occurs an increase in secretion of FFA into circulation, resulting from
the lipolysis of TG in WAT. The amount of FFA secreted are directly proportional to the amount
of TG stored in adipose tissue and inversely proportional to the antilipolytic effect of insulin
that contributes to IR and other metabolic abnormalities (Grundy 2004; Grundy 2016).
Moreover, overabundance of FFA results in an increase of TG content in liver, known as fatty
liver, which can progress to non-alcoholic fatty liver disease (NAFLD) (Grundy 2004).

Adiponectin is an important adipocytokine secreted by the WAT for the regulation of
glucose homeostasis, insulin sensitivity, food consumption, body weight (BW) and for
protection against inflammation. Adiponectin also suppresses gluconeogenic enzymes in liver,
increases glucose captation in skeletal muscle and enhances FA oxidation (Kaur 2014). The
adiponectin levels are inversely correlated with metabolic abnormalities as dyslipidemia and
hypertension (Kaur 2014). Lep, whose levels are increased in obesity, is involved in the
regulation of satiety, food consumption and energy expenditure through the LepR in the
hypothalamus and in the brain stem. Lep also acts in the hypothalamus through the activation

of SNS to increase the blood pressure, thus contributing to hypertension (Kaur 2014).

° * Adiponectin

® Cytokines
Hypertrophy ° FFA

—> °
® |leptin
* Adipocyte
* * Macrophages

Figure 2 | Adipocytokines dysfunctional secretion from white adipose tissue in obesity

The adipose tissue exhibits important functions related with the secretion of adipocytokines, which
regulates several processes, such as insulin sensitivity, energy homeostasis and inflammation. The
adipocytes can respond rapidly and dynamically to overabundant food consumption through
adipocytes hypertrophy and hyperplasia. In hypertrophic adipocytes occur an increase in the
production of adipocytokines such as FFA and Lep, a decrease in the production of adiponectin and
infiltration of macrophages. This dysregulated production of adipocytokines and cytokines, such as
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TNF-a and IL-6, promotes a pro-inflammatory state and ectopic accumulation in the liver and in the
skeletal muscle contributing to the IR in these metabolic organs. Abbreviations: FFA: free fatty acids.

1.3.2.3. Obesity and inflammation

In obesity and with the progressive adipocyte hypertrophy, hypoxia (low blood oxygen)
can occur, which leads to macrophages infiltration into the adipose tissue. The monocyte
chemoattract protein-1 (MCP-1), is a potent signal for the recruitment of macrophages into
adipose tissue. It exists in high levels in blood in obesity, leading to an increase on
macrophages infiltration in obesity, and posteriorly to a pro-inflammatory state and an
additional overproduction of adipocytokines, such as, tumor necrosis factor-a (TNF-a) and
interleukin 6 (IL-6). This overabundance of adipocytokines results in a localized inflammation
that propagates to a systemic inflammation into other peripheral organs and tissues
contributing to the IR observed in obesity (Kaur 2014). TNF-a and IL-6 are increased in
individuals with obesity (Grundy 2004). TNF-a is a pro-inflammatory cytokine that act in
adipose tissue to decrease the insulin sensitivity of adipocytes (Kaur 2014).TNF-a promotes
adipocyte apoptosis and acts in the regulation of other pro-inflammatory cytokines, whereas
IL-6 can act as anti-inflammatory and pro-inflammatory cytokine, and controls the appetite
and food consumption, acting in the hypothalamus (Kaur 2014). IL-6 is secreted by the adipose
tissue and skeletal muscle and their receptor is expressed in several regions of the brain. In
obesity, it exists an increase of this inflammatory cytokine, being involved in IR and in the
production of C-reactive protein (CRP) in the liver (Grundy 2004). IR and other metabolic
abnormalities are correlated with high levels of CRP, which are correlated with a pro-
inflammatory state (Alberti et al. 2006; Kaur 2014). This inflammatory state, that occur in
obesity and results in IR and other metabolic abnormities found in MetS, accounts for an

increased risk of CVD and DM (Wisse 2004).

1.3.2.4. Obesity and the metabolic syndrome
Obesity is strongly correlated with metabolic abnormalities, such as dyslipidemia,
hypertension, inflammation and CVD, through the hypertrophy of adipocytes and consequent
dysfunction in the secretion of adipocytokines. Given the strong correlation between obesity

and metabolic abnormalities, in many clinical definitions of MetS the obesity was required to
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stablish a clinical diagnosis and individuals with abdominal obesity, that can be measured by

W(C, have an increased risk for CVD, specially ACVD, and TIIDM.

1.3.3. Hypertension

Hypertension is commonly correlated with several metabolic abnormalities such
obesity, dyslipidemia and CVD (Kaur 2014). The IR results in an increase of renal reabsorption
sodium, expansion of intravascular volume, activation of renin-angiotensin system (RAS) and
SNS, which acts in the regulation of blood pressure (Grundy 2016). An increase of
angiotensinogen secretion from adipose tissue in obesity also contributes to hypertension

through arteries response with vasoconstriction (Kaur 2014).

1.3.4. Dyslipidemia

This metabolic abnormality is characterized by abnormalities in lipids, perturbing the
structure, metabolism and biological activities of lipoproteins and antiatherogenic HDL-Chol
and its commonly present in individuals with established clinical diagnosis for MetS (Kaur,
2014).

Insulin suppresses the production and secretion of apolipoprotein B (ApoB), an
important lipoprotein of VLDL particle (Cornier et al. 2008). In IR, occurs an overabundance of
FFA levels in liver, which are used for TG synthesis, stabilizing the ApoB production, and as
result an increase in the TG and VLDL production (Eckel et al. 2005). This increase in TGs levels
is also known as hypertriglyceridemia and is strongly correlated with an increased risk for CVD
(Ginsberg 2000). Other lipoprotein abnormality in MetS is a reduction in HDL-Chol and small
dense LDL particles, which are also correlated with higher risk for developing ACVD (Grundy
2016).

1.4. Risks associated with the metabolic syndrome
The clustering of metabolic abnormalities, which constitute the MetS is strongly
correlated with an increase of risk for CVD and TIIDM (Cornier et al. 2008). Individuals with
MetS have at least a 2-fold increase of risk for ASCVD in comparison with healthy individuals

(Grundy 2004).
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TIIDM is characterized by IR in the adipose tissue, liver and skeletal muscle, and by an
incorrect insulin secretion due to dysfunctions in B-cells (Schmeltz and Metzger 2007).
Individuals with MetS, both men and female, have a 5-fold increase of risk for TIIDM (Grundy

2004).

1.5. Correlated conditions

1.5.1. Non-alcoholic fatty liver disease

Liver is an organ that is vulnerable to ectopic fat accumulation as consequence of an
increased influx of FFA to the liver (Cornier et al. 2008). This accumulation can lead to different
disease conditions, including NAFLD. This disease ranges from simple fatty liver, known as
steatosis, to more severe steatosis coupled with marked inflammation, known as non-
alcoholic steatohepatitis (NASH), which can progress to fibrosis, liver cirrhosis and liver failure
(Bruce and Byrne 2009). The NAFLD is commonly correlated with MetS and severe NAFLD is
also correlated with CVD pathogenesis (Bruce and Byrne 2009). NAFLD, as consequence of

ectopic fat accumulation, can lead to hepatocellular carcinoma (Bruce and Byrne 2009).

1.5.2. Polycystic ovary syndrome

Polycystic ovary syndrome (PCOS) is a syndrome correlated with high androgen levels
and IR. Women with obesity have a higher incidence of PCOS and have fertility problems as
consequence of high androgen levels. The presence of IR in this condition seems to have a
pathological role, and when is correlated with obesity is implicated in a clustering of metabolic

abnormalities and an increase of the risk for CVD (Cornier et al. 2008).

1.5.3. Cancer

The MetS is composed of many pathologies that can contribute to cancer development
and progression (Cowey and Hardy 2006). However, this correlation between the MetS and
cancer is complex, involving many metabolic abnormalities that can increase the incidence for
several types of cancer (Micucci et al. 2016). Cancer is group of numerous distinct neoplasia
diseases characterized by a multistep process involving genetic modifications in normal cells,
which progressively become tumorigenic and malignant (Hanahan and Weinberg 2011). The

hallmarks of cancer comprise ten biological capabilities acquired during the multistep
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development and progression of tumors, including: sustentation of proliferative signaling,
evasion of growth suppressor, resistance to cell death, enabling replicative immortality,
inducing angiogenesis, activating invasion and metastasis, genome instability, promoting
inflammation, reprogramming of energy metabolism and evading immune destruction
(Hanahan and Weinberg 2011).
Obesity, a common metabolic abnormality of MetS, is strongly correlated to a high risk of
cancer incidence due to dysfunctions in secretion of adipokines, cytokines and various growth
factors, such as adiponectin, Lep, TNF-a, IL-6 and vascular endothelial growth factor (VEGF)
by WAT. As the adiponectin is characterized by anti-inflammatory properties, the low level of
adiponectin in obesity can increase the incidence of breast, endometrial and gastric cancers
(Micucci et al. 2016). Moreover, dysregulations in Lep secretion, which results in an increase
of Lep levels in obesity, act in cancer progression through neoplasia transformation
promotion, cancer cells proliferation and tumor angiogenesis, increasing this way the
incidence of prostate, colon, breast and endometrial cancers. Additionally, the increase of
proangiogenic factors secretion, such as VEGF, which is involved in tumor formation and
metastasis, intensifying the incidence for several types of cancers (Micucci et al. 2016).
Cytokines dysregulated secretion, such TNF-a and IL-6, play a crucial role in
pathogenesis of cancer, promoting the angiogenic process, cancer cells proliferation and ROS
formation (Micucci et al. 2016). Chronic hyperinsulinemia is also correlated to colorectal,
pancreatic, endometrial and breast cancer through dysfunction in insulin signaling pathway

involved in cancer cell proliferation (Micucci et al. 2016).

1.5.4. Obstructive sleep apnea

Obstructive sleep apnea (OSA) is characterized by recurrent upper airway obstruction
resulting in hypoxia and other dysfunctions (Tasali and Ip 2008). OSA correlated dysfunctions,
such as the hypoxia, the high levels of pro-inflammatory cytokines and the dysregulation of
adipokines are involved in the development and progression of obesity and of MetS. In fact,

OSA severity is correlated with the incidence of the MetS (Calvin et al. 2009).

1.6. Therapeutic strategies
Individuals presenting clinical diagnosis for MetS mostly are obese and mostly have a

sedentary lifestyle. This way, current therapeutic strategies focus mainly in BW loss through
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caloric restriction and an increase of physical activity. Through caloric restriction, a reduction
in carbohydrate, protein and fat consumption can lead to BW loss, improving all the metabolic
abnormalities correlated with the MetS (Cornier et al. 2008). A reduction in sodium
consumption through diet also had a strong impact improving the regulation of blood pressure
(Cornier et al. 2008).

The metformin treatment combined with changes in lifestyle resulted in a decrease of
the incidence for TIIDM in individuals with high risk (Knowler et al. 2002). The metformin act
in the reduction of fasting plasma glucose concentration through reduction of hepatic glucose
production rate (Hundal et al. 2000). The metformin treatment act in the reduction of plasma
FFA concentration in patients with DM (Hundal et al. 2000).

Complete cessation of smoking and antihypertensive drugs to control hypertension is

also a therapeutic strategy (Eckel et al. 2005).
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2. Hypothalamus

2.1. Localization and structure of hypothalamus
The hypothalamus is an important part of diencephalon located at medio-basal region
of the brain, ventrally to thalamus and dorsally to the pituitary gland (Machluf, Gutnick, and
Levkowitz 2011). It is bordered anteriorly by the rostral limit of optic chiasm (OC), laterally by
the optic tracts and posteriorly by the caudal limit of mammillary body (MB) (Saper and Lowell
2014). From rostral limit of OC to the caudal limit of MB the hypothalamic nuclei that
composed the hypothalamus are distributed in three zones: the preoptic area (POA), the

tuberal hypothalamus and the posterior hypothalamus (Figure 3) (Saper and Lowell 2014).

Preoptic area Tuberal hypothalamus Posterior hypothalamus

Figure 3| Hypothalamic nuclei

The midsagittal section of a brain and hypothalamic nuclei. The hypothalamic nuclei that composed
the hypothalamus are distributed in three zones, from the rostral limit of optic chiasm to the caudal
limit of mammillary bodies: the preoptic area, the tuberal hypothalamus and the posterior
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hypothalamus. The preoptic area is localized above the OC and is composed by the median and
ventrolateral preoptic nuclei, the medial and lateral preoptic areas and the suprachiasmatic nucleus.
The tuberal hypothalamus is composed by: the anterior and lateral hypothalamic areas, the
dorsomedial, ventromedial, paraventricular, arcuate and supraoptic nuclei, the dorsal hypothalamic
area. The posterior hypothalamus is composed by the mammillary body, the tuberomammillary,
supramammillary and posterior hypothalamic nuclei. Adaptation from: (Saper and Lowell 2014).
Abbreviations: AC: anterior commissure; AHA: anterior hypothalamic area; ARC: arcuate nucleus;
DHA: dorsal hypothalamic area; DMN: dorsomedial nucleus; LHA: lateral hypothalamic area; LPOA:
lateral preoptic area; MB: mammillary body; MPN: median preoptic nucleus; MPOA: medial preoptic
area; OC: optic chiasm; PHN: posterior hypothalamic nucleus; PVN: paraventricular hypothalamic
nucleus; SCN: suprachiasmatic nucleus; SMN: supramammillary nucleus; SON: supraoptic nucleus;
TMN: tuberomammillary nucleus; VMN: ventromedial nucleus; VPN: ventrolateral preoptic nucleus.

The hypothalamic nuclei that compose the hypothalamus include the arcuate nucleus
(ARC), the paraventricular nucleus (PVN), supraoptic nucleus (SON), suprachiasmatic nucleus
(SCN), dorsomedial nucleus (DMN), ventromedial nucleus (VMN), anterior and lateral
hypothalamus area (AHA and LHA) (Qin, Li, and Tang 2018). The POA is localized above the OC
and is composed by the median (MPN) and ventrolateral preoptic (VPN) nuclei, the medial
and lateral POAs (MPOA and LPOA) and the SCN. The tuberal hypothalamus is composed by:
AHA, LHA, DMN, VMN, PVN, SON, DHA and ARC. The posterior hypothalamus is composed by
the MB, the tuberomammillary (TMN), supramammillary (SMN) and posterior hypothalamic
nuclei (PHN) (Figure 3) (Saper and Lowell 2014).

The hypothalamic nuclei contain distinct populations of neuronal cells that
communicate each other, with other hypothalamic nuclei and with other parts of the brain
(Biran et al. 2015). These populations of neuronal cells integrate internal and external sensory
signals, process the signals and through the production of neurotransmitters and
neuropeptides provides autonomous, endocrine and behavior responses acting in the

regulation of physiological functions (Carmo-silva and Cavadas 2017).

2.2. Hypothalamic nuclei
The ARC is located close to the third ventricle, to the pituitary gland and to the median
eminence (ME), which present a BBB with fenestrated capillaries providing to the populations
of neuronal cells access to circulating peripheral nutrient signals and hormones, from
metabolic organs and tissues such the stomach, gut, pancreas and adipose tissues (Roh and

Kim 2016; Carmo-silva and Cavadas 2017). These peripheral nutrient signals and hormones,
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such as ghrelin, insulin and Lep, are integrated in ARC by first-order orexigenic and
anorexigenic neurons, which project their axons into second-order neurons of PVN, LHA and
autonomic preganglionic neurons in the brain stem and spinal cord orchestrating the
regulation of whole-body energy homeostasis (Roh and Kim 2016).

The PVN is also located close to the third ventricle and is composed by distinct
populations of neural cells (Swanson and Sawchenko 1980). The PVN integrate signals from
distinct hypothalamic nuclei, as the ARC, and their populations of neurons projects the axons
to the ME, to the posterior pituitary gland, to the brainstem and to the spinal cord (Swanson
and Sawchenko 1980). This nucleus is also densely innervated by NPY/AgRP and POMC/CART
neurons and operate as second-order neurons, acting in the regulation of energy homeostasis
(Roh and Kim 2016).

The DMN is involved in several physiological processes, including energy homeostasis,
the thermogenesis, stress responses and circadian rhythms. This nucleus receive projections
from most of the hypothalamic nuclei, specially from the ARC, and project their axons into the
PVN and LHA nuclei (Chao et al. 2011; Guan et al. 1998).

The LHA contains two distinct population of neurons that produce melanin-
concentrating hormone (MCH) and orexin (Berthoud, 2011). The orexin act in activation of
AgRP/NPY orexigenic neurons and in inhibition of POMC anorexigenic neurons in the ARC

(Berthoud and Munzberg 2011).

2.3. Hypothalamus functions

The hypothalamus has a crucial role in the control of whole-body homeostasis,
regulation of the endocrine system and of the autonomic nervous system (Mayer et al. 2009).
In the control of whole-body homeostasis, the hypothalamus acts in the regulation of water
balance, thermogenesis, energy and glucose homeostasis and circadian rhythm. Concerning
the control of endocrine system, the hypothalamus via pituitary gland, acts in the regulation
of reproduction, growth, stress and energy homeostasis. The hypothalamic autonomic
nervous system (ANS) regulation includes the control of blood pressure, gut mobility and

respiration (Mayer et al. 2009; Saper and Lowell 2014).

2.3.1. Hypothalamic regulation of whole-body energy homeostasis

Several hypothalamic nuclei such the ARC, VMN, DMN, PVN and LHA, are involved in the
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control of whole-body energy homeostasis, providing an equilibrium between food intake and

energy expenditure (Carmo-silva and Cavadas 2017).

2.3.2. Regulation of food consumption

In ARC exits two populations of first-order neurons with opposing functions, the
orexigenic neurons and the anorexigenic neurons. The first-order orexigenic neurons, the NPY
and AgRP neurons integrate the peripheral signals, producing and releasing the
neurotransmitter NPY and the neuropeptide AgRP providing orexigenic and anti-thermogenic
signals (Figure 4) (Cavadas et al. 2016). On the other hand, the first-order anorexigenic
neurons, POMC and CART neurons integrate the peripheral signals and release the
neurotransmitters POMC and CART providing anorexigenic signals and pro-thermogenic
signals (Cavadas et al. 2016). POMC anorexigenic neurons release melanocortin
neuropeptides (a-, B-, and y-melanocyte stimulating hormone (MSH) by post-translational
processing of POMC) (Zagmutt et al. 2018).

NPY and AgRP neurons act in the stimulation of hunger through the release of NPY,
which acts as a neurotransmitter in Y1 and Y2 receptors in the second-order neurons, and
through the release of the AgRP neuropeptide, which is a melanocortin antagonist that
inhibits the binding of a-MSH into MC3R and MC4R, thus increasing the hunger. NPY and AgRP
neurons also release GABA which is an inhibitory neurotransmitter that have orexigenic action
through GABAergic mediated inhibition of POMC/CART anorexigenic neurons (Zagmutt et al.
2018). CART anorexigenic neurons are colocalized with the POMC anorexigenic neurons,
acting in the inhibition of appetite and food intake through of production of the peptides CART
| and CART Il (Elias et al. 1998; Lau and Herzog 2014).

2.3.3. Regulation of energy expenditure

Physical activity, metabolism and thermogenesis are processes of energy expenditure
controlled by the brain (Roh and Kim 2016). Thermogenesis refers to the process of heat
production in order to maintained body temperature or in order to dissipate excess energy
after food consumption, and occurs in BAT (Roh and Kim 2016). The high mitochondrial
density, oxidation capacity and expression of the uncoupling protein-1 (UCP-1) in the inner
mitochondrial membrane, allows that thermogenesis occur in BAT. The UCP-1 is a proton

transporter that disrupts the mitochondrial electrochemical gradient through the leak of
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protons across the inner mitochondrial membrane. UCP-1 uncouples mitochondrial oxidative
phosphorylation leading to energy loss in form of heat (Kozak and Anunciado-Koza 2008).

In addition to food consumption regulation, the ARC also regulates the energy
expenditure through NPY/AgRP neurons, which reduce BAT thermogenesis (Waterson and
Horvath 2015; Contreras et al. 2017;). Conversely, POMC anorexigenic neurons through a a-
MSH-modulation of PVN and DMN population of neurons increase BAT thermogenesis

(Waterson and Horvath 2015).

2.3.4. Hypothalamic regulation of peripheral energy metabolism

2.34.1. Hypothalamic regulation of autonomic nervous system
The CNS integrates signals of energetic availability, from the peripheral metabolic
organs and tissues, and response through regulation of food consumption and energy
expenditure (Carmo-silva and Cavadas 2017). The ANS is responsible for the innervation of
peripheral metabolic organs such the liver, WAT, BAT, pancreas, and skeletal muscle (Carmo-
silva and Cavadas 2017). It is important in the regulation of BAT thermogenesis and also plays
a role in the regulation of lipid metabolism in WAT, in hepatic glucose production, in

pancreatic insulin secretion and in muscle glucose uptake (Seoane-Collazo et al. 2015).

2.4. Hormones, peptides and other signaling molecules

POMC/CART and AgRP/NPY neurons express receptor for peripheral metabolic
hormones such as insulin, Lep and ghrelin. Upon food consumption, the high blood glucose
and FFA levels, along with the high levels of insulin and Lep act in ARC activating POMC/CART
anorexigenic neurons and inhibiting NPY and AgRP orexigenic neurons (Roh and Kim 2016).
The activation of POMC/CART anorexigenic neurons and the inhibition of NPY/AgRP
orexigenic neurons results in a decrease of food consumption, promoting satiety, and an
increase of energy expenditure (Carmo-silva and Cavadas 2017). Previously, was reported that
deletions in insulin and Lep receptors from POMC neurons results in systemic insulin
resistance (Hill et al. 2010).

Ghrelin is a gut hormone of 28 amino acids secreted from stomach in fasting conditions.
In fasting conditions, the gastric epithelium produce and secrete ghrelin, which binds with the

ghrelin receptor in the ARC, activating NYP/AgRP orexigenic neurons, leading to a posterior
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inhibition of POMC neurons through releasing of NPY and GABA, thus promoting food
consumption (Carmo-silva and Cavadas 2017). Upon food consumption its levels are
decreased, resulting in an activation of POMC anorexigenic neurons and inhibition of
NPY/AgRP orexigenic neurons (Figure 4) (Waterson and Horvath 2015; Roh and Kim 2016).
This inhibition of orexigenic neurons results in a decrease of food consumption (Roh and Kim
2016). Ghrelin also play a role in promotion of body weight gain and adiposity through direct
effects on PVN neurons (Andrews 2011). Additional nutrient signals, hormones and peptides

are also implicated in the control of food consumption (Table 4).

Table 4| Anorexigenic and orexigenic molecules in the control of energy homeostasis

Site of production Type Function

POMC/CART Hypothalamus Neuropeptide Anorexigenic
AgRP/NPY Hypothalamus Neuropeptide Orexigenic
GABA Hypothalamus Neurotransmitter Anorexigenic

Glucose and FFA Nutrient Anorexigenic
Insulin Pancreas Hormone Anorexigenic
Leptin WAT Hormone Anorexigenic
Ghrelin Stomach Hormone Orexigenic
GLP-1 Gut Peptide Anorexigenic
CKK Gut Peptide Anorexigenic
Peptide YY3-36 Gut Peptide Anorexigenic
Orexin Hypothalamus Neuropeptide Orexigenic
MCH Hypothalamus Hormone Orexigenic

Table 4: Shows the anorexigenic and orexigenic molecules involved in the control of energy
homeostasis, its site of production, molecule type and function. Abbreviations: AgRP: agouti-related
peptide; CART: cocaine and amphetamine-regulated transcript; CKK: cholecystokinin; FFA: free fatty
acids; GABA: gamma-aminobutyric acid; GLP-1: Glucagon-like peptide 1; MCH: melanin-concentrating
hormone; NPY: neuropeptide Y; POMC: pro-opiomelanocortin.

2.5. Hypothalamic dysfunction

2.5.1. Hypothalamus correlation with obesity and the metabolic syndrome
Obesity is correlated with inflammation and resistance to Lep and insulin action, in

periphery and in the CNS (Timper and Briining 2017). Food overconsumption is known to lead
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to hypothalamic inflammation through the activation of inflammatory pathways, which occur
previously to inflammation in peripheral metabolic organs and tissues (Valdearcos, Xu, and
Koliwad 2015). This inflammation results in cellular damage and as consequence the
progression of obesity (Cavadas et al. 2016). The consumption of fat dietary content results in
an increase of FA from the peripheral organs and tissues. This FA have the ability to cross the
BBB and induce an inflammatory response in hypothalamic neurons through activation of
macrophages in the CNS.

Hypothalamic inflammation is correlated with reduced responsiveness of POMC and
AgRP neurons to insulin and Lep, in the ARC and with a dysfunctional insulin secretion B-cells
in pancreas (Valdearcos, Xu, and Koliwad 2015; Cavadas et al. 2016). The ARC and PVN
inflammation promote endoplasmic reticulum stress in hypothalamic neurons and as
consequence an insulin and Lep resistance (Timper and Briining 2017). Posteriorly, Lep
resistance leads to hyperphagia and to an increase of weight gain. The consumption of fat
dietary content is associated with Lep and insulin resistance in CNS, and with an impaired
ability of ghrelin to induce food consumption, through AgRP and NPY orexigenic neurons. On
the other hand, the activation of ghrelin in PVN neurons can be maintain in obesity and could

increase adiposity, independently of food consumption (Timper and Briining 2017).
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Figure 4 | Hypothalamic regulation of whole-body energy homeostasis

The hypothalamic nuclei act in the control of the whole-body homeostasis, providing an equilibrium

between food intake and energy expenditure. The ARC is located close to the third ventricle and to the
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median eminence, which present a BBB with fenestrated capillaries providing to the populations of
neuronal cells access to circulating peripheral nutrient signals and hormones, from metabolic organs
and tissues such the adipose tissues, pancreas and stomach. These peripheral nutrient signals and
hormones, such Lep, insulin and ghrelin, are integrated in ARC by first-order orexigenic (AgRP and NPY)
and anorexigenic (POMC and CART) neurons, which project their axons into second-order neurons of
other hypothalamic nuclei, such as PVN and autonomic preganglionic neurons in the brain stem,
orchestrating the regulation of whole-body energy homeostasis. Upon food consumption, the WAT
produces and secrete Lep, and the pancreas secrete insulin, which act in activation of POMC/CART
anorexigenic neurons and inhibiting NPY and AgRP orexigenic neurons, promoting satiety and an
increase of energy expenditure. However, in fasting conditions, the stomach produces and secrete
ghrelin, which binds with the ghrelin receptor in the ARC, activating NYP/AgRP orexigenic neurons,
leading to a posterior inhibition of POMC neurons through releasing of NPY and GABA, thus promoting
food consumption. Abbreviations: AgRP: agouti-related peptide; ARC: arcuate nucleus; BAT: brown
adipose tissue; CART: cocaine and amphetamine-regulated transcript; CKK: cholecystokinin; GLP-1:
glucagon-like peptide 1; NPY: neuropeptide Y; NTS: nucleus tractus solitarius; POMC: pro-

opiomelanocortin; PVN: paraventricular nucleus; WAT: white adipose tissue.
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3. Cholesterol metabolism in brain

Cholesterol is an essential lipid for neural physiology, and its concentration in the brain
accounts for 20%-25% of whole-body cholesterol (Petrov, Kasimov, and Zefirov 2016). The
cholesterol in the adult CNS is in myelin sheaths, formed by oligodendrocytes to insulate
axons, and the remaining is concentrated in the plasmatic membranes, in the lipid rafts of
neurons and astrocytes, allowing them to maintain their morphology (Bjorkhem and Meaney
2004; Benarroch 2008). Cholesterol has also crucial role in the brain development,
maintenance of synaptic transmission, through the regulation of cell signaling pathways, gene

transcription and bioactive steroids availability (Benarroch 2008).

3.1. Cholesterol synthesis

In the brain, the cholesterol is primarily produced by de novo synthesis and its
metabolism vary from the rest of body, as the BBB prevents entry and exit of lipoproteins
cholesterol from systemic circulation (Zhang and Liu 2015).

The cholesterol synthesis in the brain occurs with high intensity during the development
of the CNS and also in the injured CNS This synthesis occurs primarily in the ER and starts with
the conversion of acetyl-CoA to 3-hydroxy-3-methylglutary-CoA by 3-hidroxi-3-methyl-
glutaril-CoA (HMG-CoA) and to mevalonate by HMG-CoA reductase (Bjorkhem and Meaney
2004). Posteriorly, through a series of enzymatic reactions the mevalonate is converted into
lanosterol (Pfrieger and Ungerer 2011; Zhang and Liu 2015). In this phase, cholesterol
synthesis is splits in two pathways, the Kandutsch-Russel pathway and the Bloch pathway. The
Kandutsch-Russel pathway uses lanosterol precursors such 7-dehydrocholesterol and
lathosterol for cholesterol synthesis and occurs mainly in neurons. The Bloch pathway use 7-
dehydrodesmosterol and is mainly observed in astrocytes and oligodendrocytes (Bjorkhem

and Meaney 2004; Zhang and Liu 2015).

3.2. Cholesterol transport
The cholesterol circulates in the brain bound with lipoproteins (Bjorkhem 2006).
Astrocytes secrete apolipoprotein (Apo) such as ApoE, ApoJ and ApoD, to transport

cholesterol and other lipids into neurons, as neurons have a low cholesterol synthesis rate
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(Bjorkhem 2006). The ApoE binds to cholesterol to form the HDL-Chol lipoproteins, which
binds to the low density lipoprotein receptor (LDL-R), the low density lipoprotein receptor-
related protein (LRP) and the apolipoprotein E receptor 2 (ApoER2) in neurons (Figure 6)
(Wood et al. 1999; Zhang and Liu 2015).The brain also expresses other receptors such as very-
low-density lipoprotein receptor (VLDLR) and the ApoE receptor 2. The lipoproteins can exit
the brain through the cerebrospinal fluid, thus representing an important route for cholesterol
excretion (Chen et al. 2012).

Niemann-Pick type C1/2 (NPC1 and NPC2) are other important proteins involved in
cholesterol transport within the cell and in cholesterol entry in endosomes and lysosomes
(Figure 5) (Wood et al. 1999; Zhang and Liu 2015).

When the unesterified cholesterol synthesis rate exceeds the neurons and astrocytes
necessities, a cholesterol turnover occurs. This unesterified cholesterol can be stored,

converted or excreted into systemic circulation (Zhang and Liu 2015).

3.3. Cholesterol storage
In response to high levels of unesterified cholesterol in the ER, the acyl-coenzyme A
cholesterol acyltransferase 1 (ACAT1) expression increases and the cholesterol in excess is
esterified and stored in cytoplasmic lipid droplets for posterior formation of myelin sheaths

and maintenance of synaptic transmission (Zhang and Liu 2015; Petrov et al. 2016).

3.4. Conversion to oxysterol

The conversion of unesterified cholesterol to oxysterol is the main way of cholesterol
excretion from the brain (Zhang and Liu 2015). When cholesterol levels exceed the neuronal
cell needs, the unesterified cholesterol is hydroxylated by the CYP46A1 enzyme into 24-
hydroxycholesterol (24-OHC) (Figure 5) (Zhang and Liu 2015). CYP46A1, cytochrome P450
family 46 subfamily A member 1, gene is mainly and almost exclusively expressed in neurons
of the brain and retina (Ramirez, Andersson, and Russell 2008; Bretillon et al. 2007). The
CYP46A1 gene is located on chromosome 14q32.1, contain 15 exons and encodes the
CYP46A1 enzyme, a protein of approximately 500 amino acids (Lund, Guileyardo, and Russell
1999). The mRNA sequence of CYP46A1 is highly conserved in the vertebrates highlighting the

crucial role of this enzyme in cholesterol metabolism homeostasis.
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24-OHC has the ability to cross the BBB into systemic circulation (Zhang and Liu 2015).
These oxysterols are posteriorly metabolized in the liver to bile acids (Benarroch 2008). 24-

OHC not only acts in brain cholesterol excretion, but also as a signaling molecule in the

regulation of cholesterol homeostasis (Pfrieger and Ungerer 2011).
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Figure 5| Cholesterol synthesis and excretion in the brain

The cholesterol synthesis occurs primarily in the endoplasmic reticulum (ER) through a series of
enzymatic steps (pathway symbol). Posteriorly to cholesterol synthesis, the cholesterol in excess can
be esterified and stored in cytoplasmic lipid droplets, hydroxylated into oxysterols, which has the has
the ability to cross the BBB or can be eliminated by ABC transporter. The NPC1 and NPC2 are other
important proteins involved in cholesterol transport within the cell and in cholesterol entry in
endosomes and lysosomes. Adapted from: (Martin, Pfrieger, and Dotti 2014). Abbreviations: NPC1
and NPC2: Niemann-Pick type C1/2.

3.5. Cholesterol excretion
Some neurons express ATP binding cassette (ABC) transporters, such as ABCA1, ABCG1
and ABCG4 (Zhang and Liu 2015). ABC transporters A1 (ABCA1) act in the mediation of
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Figure 6| Cholesterol metabolism in the brain

In the brain, the cholesterol is primarily produced by de novo synthesis as the BBB prevents entry and
exit of lipoproteins cholesterol from systemic circulation. Cholesterol is synthetized by several cells, as
neurons and glia cells, such as astrocytes and oligodendrocytes (pathway symbol). Astrocytes secrete
Apo, such as ApoE, to transport cholesterol and other lipids into neurons, as neurons have a low
cholesterol synthesis rate. The ApoE binds to cholesterol to form the HDL-Chol lipoproteins, which
binds to the LDL-R1 in neurons. In neurons, the cholesterol is hydroxylated by the CYP46A1 enzyme
into 24-OHC, which can be secreted via ABCA1. The 24-OHC also has the ability to cross the BBB into
systemic circulation. Adapted from: (Martin et al. 2014). Abbreviations: ABCA1: ATP-binding cassette
transporter Al; Apo: apolipoproteins; BBB: blood brain barrier; LDL-R1: low-density lipoprotein
receptor 1;

intracellular ApoE-bound cholesterol complex transport, for cholesterol excretion (Schmitz
and Langmann 2001). This process of cholesterol excretion is independent of the CYP46A1
enzyme, however, the ABCA1 can also eliminate the 24-OHC, protecting the neuronal cells

from the toxic effects of 24-OHC accumulation (Figure 6) (Martin et al. 2014).

3.6. Regulation of brain cholesterol metabolism homeostasis
Neuronal cells balance the cholesterol biosynthesis, storage, conversion and excretion
maintaining the cholesterol metabolism homeostasis in which sterol regulatory element-
binding proteins (SREBPs) and the liver X receptors (LXR) have an important regulation role

(Zhang and Liu 2015).
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Neuronal cells detect the cholesterol levels through the binding of ER-membrane-
anchored transcription factors, known as SREBPs, to SREBP cleavage-activating protein (SCAP)
that function as a detector of cholesterol levels. Upon detection of cholesterol levels, the
SREBPs/SCAP complex acts in the regulation of the transcription of genes encoding enzymes
of cholesterol and FA synthesis, as well as, lipoprotein receptors (Zhang and Liu 2015; Petrov
et al. 2016). Previous studies documented that the knockdown of SREBP-2 in the brain leads
to a decrease in cholesterol synthesis and in markers of synapse formation (Suzuki et al. 2010).

Oxysterols, namely the 24-OHC, are endogenous ligands of nuclear transcription factors
such the LXR a and B, which regulates the expression of genes involved in lipid metabolism,
acting in the control of ABCA1 expression in neuronal cells and cholesterol efflux (Pfrieger and
Ungerer 2011; Ulven et al. 2005). The oxysterol binding with LXR can also inhibit de novo

cholesterol synthesis through the repression of HMG-CoA reductase (Benarroch 2008).

3.7. Cholesterol dysfunctions
Dysfunctions in the brain cholesterol metabolism homeostasis contribute to
neurodegenerative disorders in CNS, such as Alzheimer’s disease (AD), Huntington’s disease

(HD), Parkinson’s disease (PD), Niemann-Pick disease type C and SLOS (Ndébrega et al. 2019).

3.7.1. Alzheimer and Parkinson diseases

Alzheimer disease (AD) is a common progressive neurodegenerative disorder that affect
neurons involved with memory and cognition (Vance 2012). This disorder involves the
progressive deposition of amyloid B-peptide (AB). In neurons, oxidative stress and the
neurotoxic form of AB results in dysfunctions and degeneration (Cutler et al. 2004).

Previous studies showed that genetic and environmental factors are involved in the
pathogenesis of AD and that cholesterol metabolism homeostasis has a crucial role in AD
pathogenesis (Garcia et al. 2009). For example, CYP46A1 in the brain of individuals with AD
has an abnormal activity (Bogdanovic et al. 2001). Importantly, it was shown that 24-OHC has
the ability to reduce the production of AR through the inhibition amyloid precursor protein
(APP) trafficking (Moutinho, Nunes, and Rodrigues 2016).

Moreover, previous studies documented that the injection of AAV5-shCyp46al in the
mouse hippocampus results in a decrease of Cyp46al expression and as outcome a significant

decrease of 24-OHC and an increase of cholesterol in hippocampus (Djelti et al. 2015).
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Hippocampal neurons, upon Cyp46al expression inhibition, showed signals of apoptosis,
including shrinkage of the cell soma, presence of pyknotic nuclei and caspase activation (Djelti
et al. 2015). Around 80% of neurons in C57BL/6J wild-type mice presented cleaved caspase 3
and cleaved caspase 9, the main players in apoptosis (Djelti et al. 2015). Beyond progressive
apoptotic neuronal loss in C57BL/6J mice, the Cyp46al inhibition was also correlated with
impaired cognitive abilities and hippocampal atrophy (Djelti et al. 2015). The Cyp46al
expression inhibition in APP3 mice result also in neuronal loss, and exacerbated amyloid
accumulation and tau phosphorylation (Djelti et al. 2015).

Impairments in brain cholesterol metabolism is also correlated with PD. PD is also a
progressive neurodegenerative disorder affecting dopaminergic neurons of the substantia
nigra. 24-OHC levels are increased in the cerebrospinal fluid (CSF) of PD and show a strong
correlation to Tau (Bjorkhem et al. 2018). This modification may result as consequence of the
loss of neurons and posterior release of 24-OHC, increasing their levels in CSF (Bjoérkhem et al.

2018).

3.7.2. Polyglutamine diseases

Polyglutamine diseases are a group of rare neurodegenerative disorders caused by an
abnormal expansion of CAG trinucleotide sequences (NObrega and Almeida 2018). This group
of disorders include nine disorders such as HD, dentatorubral-pallidoluysian atrophy (DRPLA),
spinal and bulbar muscular atrophy (SBMA), and six different types of spinocerebellar ataxia
(ScA).

HD is an autosomal dominant disorder caused by an abnormal repeat of CAG
trinucleotide near the start of exon 1 of the Huntingtin gene (HTT) in the short arm of
chromosome 4 (Nobrega and Almeida 2018). Wild-type HHT gene carries 10 to 35 CAG
trinucleotide repeats (Nébrega and Almeida 2018). Previous studies documented that in HD,
the dysfunction in cholesterol metabolism homeostasis occurs through CYP46A1 dysfunctions
and is a consequence of dysregulation of cholesterol clearance (Boussicault et al. 2016). Motor
deficits and spontaneous striatal neurons death were founded in wild-type Cyp46al knock-
down mice (Boussicault et al. 2016). In vivo the restoring of Cyp46al in the striatum of HD
mouse model improved the motor deficits and restored cholesterol metabolism homeostasis

suggesting a neuroprotective role in HD (Boussicault et al. 2016).
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Dysfunctions in brain cholesterol metabolism were also correlated with Machado-
Joseph disease (MJD)/SCA3. In cerebellar samples from MJD/SCA2 patients and mouse models
presented a decrease in CYP46A1 expression accompanied by a decrease in 24-OHC levels

(Nobrega et al. 2019).

3.7.3. Smith-Lemli-Optizy syndrome and Niemann-Pick disease type C

Smith-Lemli-Optizy (SLOS) are rare autosomal recessive disorder caused by mutations in
the gene encoding 7-dehydrocholesterol reductase (DHCR7) (Martin et al. 2014). The SLOS
patients present low cholesterol levels in the brain, organ defects, such liver diseases and
cardiac defects, affective disorders and sleeping problems (Martin et al. 2014). The symptoms
can be result of an accumulation of 7,8-dehydrodesmosterol, a substrate of DHCR7 (Martin et
al. 2014).

Niemann-Pick disease type C is a rare autosomal recessive lysosomal storage disorder
caused by a mutation in NCP1 and NCP2 genes in 95% of the cases (Benarroch 2008; Martin
et al. 2014). This lysosomal storage disorder is characterized by cholesterol accumulation

which develops neurodegeneration and neural abnormalities (Vance 2012).

3.8. Oxysterols correlation with obesity and the metabolic syndrome

Changes in oxysterol metabolism were correlated with obesity (Guillemot-Legris et al.
2016). In an HFD induced obesity mouse model the quantification of oxysterols levels in
hypothalamus did not showed significant modifications in 24-OHC levels and either in
Cyp46al mRNA expression (Guillemot-Legris et al. 2016). Nonetheless, it was observed
variations in the levels of other oxysterols, specially the decrease of 4B-hydroxycholesterol
(4B-OHC) levels in the hypothalamus, liver and adipose tissue (Guillemot-Legris et al. 2016). In
genetic models of obesity, the db/db mice also did not present alterations in the 24-OHC levels
(Guillemot-Legris et al. 2016). Additionally, the C57BL/6J animals in a diet-induced obesity
presented alterations of the oxysterols levels in plasma and in the adipose tissue (Wooten et
al. 2014).

In the hypothalamus changes in the cholesterol metabolism modify the feeding behavior

(Suzuki et al. 2010).

34



Objective

The investigation of the cholesterol metabolism in the brain is a hot research topic, as
cholesterol is been implicated in several neurodegenerative diseases, such as AD and HD
(Zzhang and Liu 2015). In fact, the decrease in Cyp46al expression, which is an essential
enzyme in cholesterol metabolism and the consequent reduction in 24-OHC and increase of
cholesterol levels, results in a progressive apoptotic death of neurons in the hippocampus
(Djelti et al. 2015). In the hypothalamus, previous studies showed that mice with obesity
induced by HFD and ob/ob mice models show a decrease in oxysterols levels (Guillemot-Legris
et al. 2016). These results could suggest a possible correlation in cholesterol homeostasis in
the brain and whole-body metabolic abnormalities.

In this study, our main goal was to silence the expression of the Cyp46a1 mouse gene
in the hypothalamus of C57BL/6J wild-type mice fed with Chow and HFD, and to investigate
its impact in the whole-body metabolism homeostasis. More specifically, the project aims to
investigate the impact of the silencing of Cyp46al gene in BW, in food and water intake, in
glucose tolerance, insulin sensibility, locomotor and anxiety-like behavior, and in the integrity
of several metabolic organs. We hypothesized that the silencing of Cyp46al gene in the
hypothalamus, namely in the ARC, leads to a reduction in the Cyp46al enzymatic activity, as
consequence of the reduction of 24-OHC levels and accumulation of cholesterol in ARC
neurons. The ARC is implicated in the control of whole-body metabolism homeostasis, so the
silencing of Cyp46a1l gene, could induce metabolic abnormalities, such as, obesity and TIIDM.

This study and its results could be an important basis for future investigation of

cholesterol metabolism and its impact on whole-body metabolism homeostasis.
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Materials and Methods

In vivo experiments

1. Animals and diets

In several strains of mice (Mus musculus), an increase in dietary fat content results in
features associated with obesity (West et al. 1992). For example, the C57BL/6J mouse strain
has a genetic susceptibility for diet-induced obesity and diet-induced diabetes mellitus type Il
(Surwit et al. 1988).

C57BL/6J wild-type mice were obtained from in-house breeding (founders were bought
from Charles River, Barcelona, Spain), and maintained in the animal pathogen-free facility of
Centre for Biomedical Research (CBMR) of the University of Algarve. Both male and female
mice were used for all experiments throughout the study. Twelve weeks-old mice, with an
average body weight of 20-25g, were housed (two or three per cage) in a controlled
environment under a 12 hours light / 12 hours dark cycle in a temperature and humidity-
controlled room (22+29C).

Initially, the entire cohort of animals (n=45) were randomly divided into two groups,
corresponding to two different diets. One group (n=24) had access to a low-fat control diet
(Chow, D12450J, 10% fat, Research Diets, USA) and the other group (n=21) had access to a
high-fat diet (HFD, D12492, 60% fat, Research Diets, USA). Both diets, Chow and HFD, and
autoclaved water were provided ad libitum. The percentage of kcal derived from protein, fat
and carbohydrate of both diets are detailed in Table 5.

This study was performed for 12 weeks, in which the animals had access to the described
food and were maintained in the described conditions.

The mice were accommodated to the diets, for four weeks, until the stereotaxic

injection (Figure 7).
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Table 5| Caloric information of diets

Low-fat control diet (Chow) High-fat diet (HFD) -

- D12450J) D12492
Protein 20% kcal 20 % kcal
Fat 10% kcal 60% kcal
Carbohydrate 70% kcal 20% kcal
Energy Density 3,82 kcal/g 5,21 kcal/g

Table 5: Shows the caloric information (kcal) of each diet, Chow and HFD. Abbreviations: Chow: low
fat control diet; HFD: high fat diet.

Before the stereotaxic injection the two groups of mice (Chow and HFD) were then
divided into four groups. Two groups of mice were not submitted to the stereotaxic injection,
constituting the control groups (Chow-Non-injected and HFD-Non-injected), whereas the two
others groups were submitted to the stereotaxic injection to deliver the adeno-associated
vectors (AAV) with the shRNA targeting the Cyp46al gene, thus constituting the treated
groups (Chow-AAV-shCyp46al and HFD-AAV-shCyp46al).

Non-injected
(n=13)

Chow
(n=24)

\

AAV-shCyp46al
(n=11)

-

(n=45)
C57BL/6)

\

Non-injected

. (n=10)

HFD
(n=21)

)

AAV-shCyp46al
(n=11)

Figure 7| Representation of the experimental conditions
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Initially, 12 weeks-old C57BL/6J mice (n=45) were divided into two groups of animals corresponding to
the two different diets, a low-fat control diet (Chow, 10% fat) (n=24) and a high-fat diet (HFD, 60% fat)
(n=21). Before the stereotaxic injection in 4 week, the two groups of mice (Chow and HFD) were
divided into four groups (Chow Non-injected: n=13, female: n=4 and male: n=9; Chow AAV-shCyp46a1:
n=11, female: n=4 and male: n=7; HFD Non-injected: n=10, female: n=6 and male: n=4; HFD AAV-
shCyp46al: n=11, female: n=7 and male: n=4). The two groups of animals, not submitted to the
stereotaxic injection (Chow Non-injected and HFD Non-injected) constituted the control groups, and
the other two groups of mice, submitted to the stereotaxic injection (Chow AAV-shCyp46a1 and HFD
AAV-shCyp46a1l) constituted the treated groups. Abbreviations: AAV5: adeno-associated viral vector
serotype 5; Chow: low fat control diet; HFD: high fat diet; sh: short hairpin.

The experiments were performed in accordance with the European Union Directive
(86/609/EEC) for the care and use of laboratory animals. The researchers received appropriate
training and certification (Federation of Laboratory Animal Science Associations [FELASA]
certified course) to perform the experiments from the Portuguese authorities (Direc¢do Geral

de Alimentacdo e Veterindria).

Behavior test
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AP: 1,65 mm; DL: -0,5 mm; MV: -5,8 mm

Figure 8| Representation of experimental timeline

This study was performed for 12 weeks. Initially, the C57BL/6J mice were accommodated to the diets
(Chow and HFD). The stereotaxic surgery was performed in the 4" week of study, aiming to deliver the
AAV5-shCyp46al into hypothalamus of the mice. Mice for the different experimental groups were
subject to a GTT, an ITT and to a behavior test, at the 4" and 12" weeks. The animals were sacrificed
by decapitation at 12 weeks. Abbreviations: Am: amygdala; Chow: low fat control diet; HFD: high fat
diet; ITT: insulin tolerance test; GTT: glucose tolerance test; SAC: sacrifice; sh: short hairpin; AP:
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anteroposterior; DL: dorsoventral; MV: mediolateral; Hyp: hypothalamus; Th: thalamus; Cx: cerebral
cortex; CP: caudate nucleus and putamen.

2. Production of viral vectors

The AAV vectors were produced and purified by Atlantic Gene therapies (Inserm U1089,
Nantes, France). The viral constructs (AAV5-shCyp46a1-GFP) contained the expression
cassette of a short hairpin RNA (shRNA) targeting the mouse Cyp46al gene, driven by a human
U6 promoter and a GFP reporter gene driven by the phosphoglycerate kinase 1 (PGK1)
promoter in the adeno-associated viral vector serotype 5 (AAV5)(Boussicault et al. 2016). The
AAVS5 vectors encoding shCyp46a1 sequences were generated by transient transfection of
human embryonic kidney (HEK) 293T cells and purified on caesium chloride

ultracentrifugation gradients, as previously described (Sevin et al. 2006).

3. Stereotaxic injections of the adeno-associated virus

The stereotaxic injections were performed in the 4™ week of study (Figure 8), aiming to
deliver the AAV5-shCyp46a1 into hypothalamus of the mice. Briefly, mice were anesthetized
with an intraperitoneal injection of ketamine (100 mg/ml, Dechra) and medetomidine (1
mg/ml, Esteve) (50-75 mg/kg + 1-10 mg/kg IP), and placed on a stereotaxic frame (Stoelting
Company, USA) (Figure 9) with the upper incisors teeth’s and ears in the support bars to

immobilize the skull.

Figure 9| Representation of the stereotaxic frame and immobilization of the mice skull
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The stereotaxic injections were performed in the 4" week of the study, aiming to deliver the AAV5-
shCyp46a1l into hypothalamus of the mice. The mice were anesthetized and placed on a stereotaxic
frame with the upper incisors teeth’s and ears in the support bars to immobilize the skull.

After the immobilization of the mice skull, the bregma point was identified and used as
a reference point for the origin of the coordinates. The hypothalamus coordinates were
defined using The Paxinos and Franklin’s Mouse Brain Atlas and the stereotaxic injection was
performed bilaterally, targeting both side of the arcuate nucleus of hypothalamus: 0.5 mm
lateral to the middle line (in each side of the brain), 1.65 mm posterior to the bregma and -5.8
mm ventral to the brain surface: (AP=-1,65; DL=-0,5; MV= -5,8) (Franklin and Paxinos 2019).

The skull was drilled using a surgical drill and the two treated groups (Chow AAV5-
shCyp46a1 and HFD-AAV-shCyp46a1) received 1x10°v.g. (viral genomes) of AAV5-shCyp46a1-
GFP in each side of the arcuate nucleus of hypothalamus. The injection was performed at a
rate of 0.5 puL/min using a 10 mL-Hamilton syringe attached to a Quintessential Stereotaxic
Injector (QSI™) (Stoelting Company). After the end of the administration, the needle was kept
in place for 5 min to minimize backflow (Aveleira et al. 2015).

After the animal was sutured, a reverser of anesthesia was administered; Atipamezole
(5 mg/ml, Esteve) (1-2,5 mg/kg IM or SC) and post injection care were performed. The health
status of the animal was carefully monitored in the following days of the stereotaxic surgery.

At the end of the experiment (12 weeks after the food treatment and 8 weeks after the
stereotaxic injection), the mice were sacrificed. Mice were anesthetized using volatile

anesthesia with 100% isoflurane (Zoetis) and were sacrificed by decapitation.

4. Animal behavior tests

Animals from all the experimental groups were subjected to an open field behavior test
at the 12 weeks for the assessment of locomotor and anxiety-like behavior. Briefly, the mice
were placed in a square transparent box, without a roof, measuring 40x40cm and 40 cm high
walls, in a sound-attenuating controlled room, illuminated with a white light during the tests.

The floor of the transparent box was divided by lines, into nine equally sized squares,
and was defined one square as the center zone and the eight squares along the walls as the
periphery zones (Figure 10). The animals were gently placed in the center zone of the floor of
the transparent box and their movement activity was recorded by video for 10 min in day-

time period (n=45) and 5 min in the night time period (n=24) using a GoPro Hero camera
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(GoPro Inc., USA). After, the following parameters were measured using the ANY-maze
behavioral tracking software (Stoelting Company, Europe): total distance, mean speed, time
spend immobile, immobile episodes, number of line crossings, number and time of rearing,
number and time of grooming, number of entries and time in the middle. These parameters
were scored from the video recordings. The number of crossing lines were counted as
horizontal activity. The number of rearing and grooming were counted as vertical activity and
rearing was only scored when mice raised both of front paws from the floor and leaned against

a wall.

Figure 10| Representation of the floor of the square transparent box used in the open field tests

The C57BL/6J mice were subjected to an open field behavior test. The floor of the transparent box
used was divided by lines into nine equally sized squares. A central square was defined as the center
zone of the box, surrounded by eight squares along the walls, which were defined as the periphery
zone of the box.

5. Glucose tolerance test

Several animals from the different experimental groups were subject to a glucose
tolerance test (GTT) at the 4™ and 12™ week (n=14). Briefly, animals were subjected to
starvation for about 12-16 hours (overnight period). After this period, for each animal the tip
of the tail was cut, and the resulting blood used to measure the fasting blood glucose levels
(time 0). The blood glucose levels measurements were performed using the FreeStyle
Precision Neo glucometer and FreeStyle Precision strips (Abbot). After the measurement of
the fasting blood glucose level, mice were injected intraperitoneally with a 20% glucose
solution (Fisher Chemical - G/0500/60), dissolved in saline solution, 0,9 % NaCl. The injection

volume was calculated according to the formula: Body weight (BW) (g) X 10 pl of 20% glucose
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solution (Andrikopoulos et al. 2008). The blood glucose levels were measured at 5, 10, 15, 30,
60, 90 and 120 min after the intraperitoneal injection of glucose solution.

The measured levels were used to perform the calculation of the area under the curve
(AUC). For this, the blood glucose measurements were converted into natural logarithm (Ln)
and the total peak area was calculated using xy analysis, namely the AUC. Two values were

calculated: the total AUC, from 0 until 120 min, and the AUC between 5 and 60 min.

6. Insulin tolerance test

Similarly, to the GTT, the animals were also subjected to an insulin tolerance test (ITT),
at the 12" week (n=11), after a starvation period of 4 hours. After this period, for each animal
the end of the tail was cut, and the resulting blood was used to measure the fasting blood
glucose levels (time 0). The blood glucose levels measurements were performed using the
FreeStyle Precision Neo glucometer and FreeStyle Precision strips (Abbot). After the
measurement of the fasting blood glucose level, mice were injected intraperitoneally with a 4
mg/ml human insulin solution (Gibco™) in a phosphate-buffered saline solution (PBS X1). The
injection volume was calculated using the formula: BW (g) X 7,5 pL of 4 mg/mL insulin solution.
The blood glucose levels were measured at 5, 10, 15, 30, 60, 90 and 120 min after the insulin
intraperitoneal injection. At the end of the ITT test, the animals were injected with a 20%
glucose solution to revert insulin effect and prevent animal death.

The blood glucose measurements were then converted into natural logarithm (Ln) and
the slope was calculated using linear regression and multiplied by 100 to obtain the constant
for glucose clearance (kITT), per minute (%/min) obtained during the insulin tolerance test

(Bonora et al. 1989).

7. Tissues and blood collection

The blood was collected upon decapitation of the animals, and the serum was separated
by centrifugation at 2000 rpm for 20 min at 42C. The serum samples were stored at -802C for
posterior analysis.

After, the important metabolic organs and tissues were collected: hypothalamus, rest
of the brain, liver, white and brown adipose tissue (WAT and BAT, respectively), spleen,

pancreas, muscle, gut, colon, stomach, heart and kidneys.

43



The liver, WAT and spleen were weighed after organ collection with an analytical
balance (AA-200 by Denver Instrument Company). The brain was individually collected, and
the hypothalamus dissected for molecular analysis.

The liver, WAT, BAT and muscle of each animal were divided in three different portions
for posterior molecular analysis and histological processing. The pancreas and the heart of
half of the animals were collected for posterior molecular analysis and the other half were
collected for histological processing. Also, the gut, colon, stomach and spleen were collected
for histological processing and one kidney was stored for molecular analysis and the other for
histological processing.

For the histological processing the organs and tissues were fixed in 3,7%-4%
formaldehyde (w/v) buffered (pH=7) and stabilized with methanol fixative solution and stored
at room temperature until the processing.

For the molecular analysis, small portions of the collected organs and tissues were

stored at -802C for posterior analysis.

8. Body weight, food and water intake analyses

During the 12 weeks of the experiment, mice were weighted twice a week for BW
analysis, namely calculation of total BW gain (g) and cumulative BW gain (g). Additionally, the
food was weighted, twice a week, and water measured, once a week, to calculate food and
water intake per g/ml of BW. The ratio of food ingested (g) per total BW for cage (g) was
calculated and then multiplied for the body weight of each mouse to obtain the food intake
[(food ingested/total BW for cage) X BW of each mouse)]. The ratio of water ingested (ml) per
total body weight for cage (g) was calculated and then multiplied for the body weight of each

mouse to obtain the water intake.
Analysis
9. Histology
9.1. Tissue processing and paraffin inclusion
For tissue processing and paraffin inclusion, the organs and tissues previously fixed in a

formaldehyde solution were divided into smaller pieces and placed in tissue
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processing/embedding cassettes. After, the dehydration of tissues was performed with 70%
ethanol (v/v) (dilution from Fisher Chemical) for 1 hour; 95% ethanol (v/v) for 45 min; 95%
ethanol (v/v) for 40 min and two series of 100% ethanol (v/v) for 1 hour each, follow by the
clearing with two series of xylene (Fisher Chemical) for 1 hour each and by the infiltration with
two series of paraffin (Luso Palex) in the incubator, at 562C for 1 hour each. After, the tissue
processing/embedding cassettes (Labor Spirit) were removed from the incubator. The organs
and tissues samples were mounted in embedding molds (Tebu-bio) at the desired orientation
and filled with liquid paraffin at 562C. The cassettes, with the tissues, were placed on top and
the block was allowed to cool down and hardened. Afterwards, the block was removed from

the mold and stored at room temperature in a dry place until use.

9.2. Sectioning
Paraffin blocks were sectioned in paraffin sections on a HM 325 Rotary Microtome
(Thermo Fisher Scientific) at room temperature.
The paraffin blocks containing white or brown adipose tissue were sectioned in paraffin
sections with 4 or 5 um of thickness. Other organs, such the liver and pancreas, were sectioned
in paraffin sections with 3 to 4 um of thickness. The paraffin sections were placed into

microscopy slides and stored at room temperature until use.

9.3. Hematoxylin-eosin staining

Hematoxylin-eosin staining was performed according to the, manufacturer’s guidelines
(Merck Milipore). Briefly, the paraffin sections were placed in microscopy slide holders,
deparaffinized with two series of xylene for 3 and 2 min and rehydrate with 100% ethanol
(v/v), 95% ethanol (v/v) for 4 and 2 min, respectively, and with two series of distilled water for
30 seconds each. Posteriorly, the sections were stained with a hematoxylin solution modified,
according to Gill Ill (Merck Milipore), for 30 seconds, washed two series of in distilled water
for 2 and 1 minute, counterstained with a 0,5% aqueous eosin Y solution for 1 minute and
washed again in two series of distilled water for 1 minute each. For the dehydration and
clearing, the sections were submitted to 95% ethanol (v/v), two series of 100% ethanol (v/v)
for 1 minute each and two series of xylene for 2 min. The sections were allowed to dry and
next mounted with Richard-Allan Scientific Mounting Medium (HM325, Thermo Fisher

Scientific) and microscopy slide cover slips. Upon hematoxylin-eosin staining, the cells nuclei
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will stain dark purple and the cells cytoplasm will stain pink (acidophilic cytoplasm) or will stain

light purple (basophilic cytoplasm).

9.4. Histological analysis of white adipose tissue and liver
Images of hematoxylin-eosin staining were acquired in the Axio Imager Z2 microscope
(Carl Zeiss), using the Plan-Neo FLUAR 20X/0.5 Ph2 objective, the AXIOCAM-ICC3 camera and
the AxioVision software (Carl Zeiss). The images obtained were analyzed using Image J — Fiji
software. Images of WAT were analyzed to calculate the adipocytes area, respective mean

and the relative frequency in percentage.

10. Protein expression analysis
10.1. Protein extraction

The organs and tissues previously maintained at -802C were used for analysis of protein
expression.

The WAT of Chow AAV5-shCyp46al, HFD-Non-Injected and HFD AAV5-shCyp46al
groups was weighed (100 mg) with an analytical balance (AA-200 by Denver Instrument
Company), lysed in RIPA (radio-immunoprecipitation assay) buffer (Lysis Buffer, 20-188 Merck
Millipore), supplemented with a protease inhibitor cocktail (Complete ULTRA Tablets, Mini,
EASY PACK — Roche).

The following steps were performed 4 to 5 times: The samples were mechanical
disrupted and sonicated (Vibra-Cell™ - 75186) (Amplitude: 60; 2 pulses of 30 seconds) in RIPA
buffer always on ice. Posteriorly, the sample was centrifuged at 102C, at 1000 RCF for 5 min
and the soluble fraction was collected using a syringe (BD Micro-fine, Insulin U100 [0,5ml]) to
a new Eppendorf tube, without disturbing the other layers, and was centrifuged again at 82C,
at 3300 RCF for 5 min.

The WAT of Chow-Non-injected group was weighed (100-150 mg) and using the QlAzol
Lysis Reagent (QIAGEN) and a 2,5 ml syringe (Terumo) with a 23G needle (BD Microlance™),
according to the manufacturer's instructions, the WAT was lysed and homogenized. The
samples were maintained at room temperature for 5 min, were homogenized with chloroform
(VWR Chemicals) and were maintained again at room temperature for 3 min before a

centrifugation at 49C, at 12,000 rpm for 15 min. After, the top layer was discarded and the
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QlAzol layer was collected. To the QlAzol layer was added 0,3 mL of 100% ethanol, maintained
at room temperature for 3 min and centrifuged, to sediment the DNA, at 42C, at 2000 RCF for
2 min. To the supernatant was added isopropanol (Fisher Chemical), to precipitate the protein.
The volume was separated and maintained at room temperature for 10 min. The following
steps were performed 3 times: The samples were centrifuged at 49C, at 12 000 rpm for 10
min, the supernatant was discarded, was added 1 mL of guanidine-ethanol solution (SIGMA),
maintained to room temperature for 20 min, centrifuged at 7500 RCF for 5 min and the
supernatant removed.

To the pellets were added 1 mL of 100% ethanol and maintained at room temperature
for 20 min. Posteriorly were centrifugated at 7500 RCF for 5 min and the supernatant
removed. The pellets were maintained at room temperature for 10 min, were added 100 uL
of a urea (SIGMA) / dithiothreitol (DTT) (Fisher Scientific) solution with a protease inhibitor
cocktail, were maintained at room temperature for 1 hour and incubated at 952C for 3 min.
Finally, the samples were then sonicated.

The BAT, similarly to the WAT, was weighed (20 mg) with an analytical balance (AA-200
by Denver Instrument Company), lysed in RIPA (radio-immunoprecipitation assay) buffer
(Lysis Buffer, 20-188 Merck Millipore), supplemented with a protease inhibitor cocktail
(Complete ULTRA Tablets, Mini, EASY PACK — Roche). The following steps were performed 2
times: The sample was mechanical disrupted and sonicated (Vibra-Cell™ - 75186) (Amplitude:
60; 2 pulses of 30 seconds) in RIPA buffer always on ice. Posteriorly was centrifuged at 102C,
at 1000 RCF for 5 min and the soluble fraction was collected using a syringe (BD Micro-fine,
Insulin U100 [0,5ml]) to a new Eppendorf tube, without disturbing the other layers, and was
centrifuged at 82C, at 3300 RCF for 5 min.

The liver was weighed (10 - 15 mg) with an analytical balance (AA-200 by Denver
Instrument Company), lysed in RIPA (radio-immunoprecipitation assay) buffer (Lysis Buffer,
20-188 Merck Millipore), supplemented with a protease inhibitor cocktail (Complete ULTRA
Tablets, Mini, EASY PACK — Roche). The sample was mechanical disrupted and sonicated
(Vibra-Cell™ - 75186) (Amplitude: 60; 3 pulses of 30 seconds) in RIPA buffer always on ice.
Posteriorly was centrifuged at 102C, at 20 000 RCF for 20 min and the soluble fraction was
collected using a syringe (BD Micro-fine, Insulin U100 [0,5ml]) to a new Eppendorf tube,

without disturbing the other layers.
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10.2. Quantification of protein

The total protein concentration was quantified using the bicinchoninic acidic (BCA)
protein assay (Pierce™ BCA Protein Assay Kit — Thermo Scientific) or the Bradford assay (NZY
Tech) according with the manufacture’s instruction.

The total protein concentration of WAT, (Chow AAV5-shCyp46a1, HFD-Non-Injected and
HFD AAV5-shCyp46a1l groups), BAT and liver samples were quantified using the BCA protein
assay in a Falcon® 96 Well Clear Microplate. This microplate contained a 50 ul of standard
concentrations, prepared from a 25 pl serial dilution of Bovine Serum Albumin (BSA) solution
[Albumin Bovine Fraction (NZY Tech)] in H20 MilliQ with an initial concentration of 2 mg/mL
and with 25 pl RIPA (Merck Millipore) diluted in H,O MilliQ (1:20), contained 50 ul of a
calibration blank solution with 25 pl RIPA (1:20) plus 25 pl of H,O MilliQ, contained 50 ul of
sample, diluted in H,0 MilliQ (1:20) plus 25 ul of H,0 MilliQ, and finally 200 pul of BCA in all the
wells. Posteriorly, the microplate was incubated at 372C for 30 min and the absorbance of
each sample was calculated by a spectrophotometer (TECAN — Infinite M200) in a wavelength
of 562 nm.

The total protein concentration of the WAT, Chow-Non injected group, were quantified
using the Bradford assay in a Falcon® 96 Well Clear Microplate. This microplate contained 5
uL of standard concentrations, prepared from a serial dilution of BSA solution in H,O MilliQ
with an initial concentration of 2 mg/mL, 5 puL of H,O MilliQ as calibration blank solution,
contained 5 pL of sample diluted in H,O MilliQ (1:10) and 250 uL of Bradford reagent in all the
wells. This microplate was maintained at room temperature for 10 min and the absorbance of
each sample was calculated in the Glomax Multi Detection System (Promega) luminometer in
a wavelength of 600 nm.

The WAT, BAT and liver samples, in a total concentration of 80-60 g, were denaturized
by adding Laemmli SDS sample buffer (4X) (Alfa Aesar by Thermo Fisher Scientific) and heated
at 952C for 5 min (CH-100 BIOSAN). RIPA was used to minimize variations in protein extracts.

The samples were stored at -202C until the Western Blot (WB) analysis.

11. Western Blotting
WB is a technique used for analysis of specific proteins fractionated on the basis of
molecular weight in an electrophoresis gel coupled with an electrophoretic transfer and an

immunodetection with specific antibodies (Burnette 1981).
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11.1.Electrophoresis

Sodium dodecyl sulfate-polyacrylamide gels (SDS-PAGE) were used in electrophoresis.
The resolving gel, at 12%, was prepared using 3,65 ml of H,O milliQ, 2,8 ml of resolving buffer
[Tris HCI 1,5M, pH=8,3 and Sodium Docecyl Sulfate (SDS) (Fisher Chemical) at 4%], 4,59 ml of
30% acrylamide-Bis (BIO-RAD), 40 ul of 10% ammonium persulfate (APS) (Fisher Chemical) and
9,2 ul of tetramethyl-ethylene-diamine (TEMED) (Fisher Chemical). Isopropanol (Propan-2-ol
(Fisher Chemical) was used for oxygen removal after the resolving gel and removed before the
stacking gel. The stacking gel, at 4%, was prepared using 175 ml of H,O milliQ, 1,25 ml of
stacking buffer [Tris HCL 0,5M, pH=6,8 and SDS at 0,4%], 500 ul of 30% acrylamide, 50 ul of
10% APS and 5 pl of TEMED.

The same amount of total protein (80 pg/20-30 ul) and a protein marker ((8 ul) NZY
Tech) were loaded per lane and fractionated by electrophoresis (BIO-RAD) in the 12 %
resolving gel and the 4% stacking gel on an electrophoresis buffer [Tris-base (Fisher Chemical),
Bicine (PanReac AppliChem) and a 20% SDS solution at 80 V for 30 min and 120 V for 1 hour,

until proper fractionation of proteins, according with their molecular weight.

11.2. Membrane activation
For the activation of polyvinylidene fluoride membranes (PVDF) (Merck Millipore), they
were placed in Methanol 99,9% (Fisher Chemical) for 20 s, washed with distilled H,O for 5 min,
followed by electrophoretic buffer (CAPS (Fisher Chemical) with 10% Methanol) for 15 min.

11.3. Electrophoretic transfer
Posteriorly to the PVDF membrane activation, the electrophoretic transfer was
performed in a Wet Tank Blotting System (BIO-RAD), with two sponges, 8 filter papers, the
PVDF membrane, the electrophoresis gel and with electrophoretic buffer (CAPS with 10%

Methanol) at a constant current of 500 mA for 4 hours at 42C.
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11.4.Membrane blocking
After the transfer, the membranes were blocked with 30 ml of a 5% BSA (NZY Tech)
blocking solution in TBS (Tris-base, NaCl and H,0) and Tween™ 20 (Fisher BioReafents™) (TBS-

T: Tris-Buffered Saline-Tween) for 1 hour at room temperature.

11.5. Antibodies

The primary and secondary antibodies used in WB technique are described in Table 6.

Table 6| List of antibodies used in western blots

Type Antibody Dilution  Weight Source

Primary Mouse Anti-PPAR- y 1:1000 57 kDa Cell Signaling Technology

(81B8) ®
Rabbit Anti-UCP1 1:1000 30 kDa Cell Signaling Technology
(D9D6X) ®
Mouse Anti- B-Actin 1:5000 42 kDa SIGMA

Secondary Anti-Mouse 1:10000 GE Healthcare
Anti-Rabbit 1:10000 GE Healthcare

Table 6: Shows the type of antibody, the animal species, the protein target, the dilution used, the
molecular weight of the protein target and the supplier. Abbreviations: PPAR-y: peroxisome
proliferator activated receptor y; UCP-1: uncoupling protein 1.

11.5.1. Primary antibody
The PVDF membranes were incubated with the respective primary antibody (Table 6),
diluted in a 5% BSA and sodium azide (Alfa Aesar - 99%) solution, at 42C overnight with

shaking.

11.5.2. Secondary antibody
The PVDF membranes were washed with three series of TBS-T 1X for 10 min each and
incubated with a rabbit or mouse IgG-specific secondary antibody, diluted in 5% BSA, for

one/two hours, with shaking.
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11.6. Membrane detection

Posteriorly, the PVDF membranes were washed with three series of TBS 1X for 10 min
each. Using 600 pl of the Amersham™ ECL™, Prime or Select, Western Blotting Detection
Reagent (GE Healthcare- Life Sciences) for 5 min in light protected conditions; the proteins
were detected by chemiluminescence on a ChemiDoc™ XRS* Imaging System (BIO-RAD)
couple to Image Lab software (BIO-RAD).

For membranes re-probing, the PVDF membranes were washed with three series of TBS-
T 1X, one series for 10 min and two series of 1 hour. Next, the PVDF membranes were

incubated with the respective antibodies.

11.7.Stripping
Stripping was used to remove the primary and secondary antibodies from PVDF
membranes.
The PVDF membranes were washed, under agitation and at room temperature, with
40% methanol for 30 min, distillated H,O for 5 min, 0.2M NaOH for 5 min and again with
distillated H.O for 5 min. Posteriorly, the PVFD membranes were placed in BSA 5% blocking
solution for one hour under agitation at room temperature and were incubated with the

respective primary antibody, at 42C overnight with shaking.

11.8.Quantification
The optical density of the bands was quantified with Image J — Fiji software.
Membranes were re-probed with a monoclonal anti- B-actin for protein load control.
The specific optical density was then normalized with respect to the amount of B-actin

loaded in the corresponding lane of the gel.

12. Statistical analysis

Statistical analyses and graphing were performed using GraphPad Prism 6 (GraphPad
Prism Software). All results are expressed as mean + SEM. Values identified as outliers by
Grubbs’ test (a=0.05) were excluded from analysis. The comparison of two independent

groups the unpaired two-tailed Student’s t-test was used. For the comparison of more than
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two groups was performed by two-way analysis of variance (ANOVA), with Bonferroni’s
multiple comparisons test. Statistical significance defined as p<0,05. [P-value < 0,05 (*), P-

value < 0,01 (**), P-value < 0,001 (***), P-value < 0,0001 (****)].
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Results

1. HFD increases body weight of C57BL/6J wild-type mice

The consumption of a high-fat dietary content often results in obesity, which is strongly
correlated with an increase of body weight (Miller et al. 1990).

In this study, C57BL/6J wild-type mice (n=45), which is a strain genetically susceptible
for diet-induced obesity, were divided into two groups corresponding to two different diets.
One group (n=24) had access to a low-fat control diet (Chow) containing 10% of fat and the
other group (n=21) had access to a high-fat diet (HFD) containing 60% of fat. The animals were
weighted twice a week for posterior BW analysis. In the 4™ week of food access, and before
the stereotaxic injection to silence Cyp46al levels in the hypothalamus, the total and
cumulative BW gain was analyzed (Figure 11 — A/B) in order to observe the impact of HFD
feeding in the body weight of the C57BL/6J wild-type mice.

In the 4™ week, the C57BL/6) mice group fed with HFD (HFD animals) presented a
significant increase on total BW gain comparatively to the mice group fed with Chow (Chow
animals) [Chow (0,3600 + 0,1835); n=24 versus HFD (5,574 + 0,7989); n=21 — P-value <0,0001]
(Figure 11-A). In the cumulative BW gain (Figure 11 —B), both groups, Chow and HFD animals,
started the study with an average BW of 20-25g and over time, in 1%, 2", 3" and 4" week, the
HFD animals exhibited a significant increase on the body weight gain comparatively to Chow
animals [Chow; n=24 versus HFD; n=21 — 0: P-value >0,9999; 1: P-value =0,0007; 2: P-value
<0,0001; 3: P-value <0,0001; 4: P-value <0,0001].

Additionally, the food was also weighted, twice a week, and the water measured, once
a week, to analyze the total food and water intake (Figure 11 — C/E) and the cumulative food
and water intake (Figure 11 — D/F). In the total food intake analysis, the HFD animals showed
a significant increase on total food intake comparatively to the Chow animals [Chow (87,23 +
2,266); n=24 versus HFD (171,8 + 8,903); n=21 — P-value <0,0001] in the 4*" week (Figure 11 —
C). The HFD animals, in the cumulative food intake analysis, presented a significant increase
of food intake, in the 2"9, 3" and 4t week, comparatively to the Chow animals [Chow; n=24
versus HFD; n=21 — 0: P-value >0,9999; 1: P-value =0,0010; 2: P-value <0,0001; 3: P-value
<0,0001; 4: P-value <0,0001] (Figure 11 — D). Curiously, the HFD animals, in total water intake
analysis presented a significant decrease relatively to the Chow animals [Chow (94,19 + 2,947);

n=24 versus HFD (121,3 + 9,116); n=21 — P-value =0,0107] (Figure 11 — E). In the cumulative
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water intake analysis, the HFD animals showed an increase in water intake, in 3™ and 4t week,
relatively to the Chow animals [Chow; n=24 versus HFD; n=21 — 0: P-value >0,9999; 1: P-value
>0,9999; 2: P-value =0,0509; 3: P-value =0,0090; 4: P-value =0,0013] (Figure 11 —F).

Overall, these results show suggest that an HFD leads to an increase on total and

cumulative BW gain and an increase in the food intake of C57BL/6J wild-type mice.
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Figure 11| HFD increases in body weight, and increases the food intake of C57BL/6J wild-type mice

The C57BL/6J wild-type mice (n=45) were primarily into two groups corresponding to two different
diets. One group (n=24) had access to a low-fat control diet (Chow) containing 10% of fat and the other
group (n=21) had access to a high-fat diet (HFD) containing 60% of fat. In the 4™ week, the total and
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cumulative BW gain was analyzed. A) The C57BL/6J mice fed with HFD, HFD animals, presented a
statistically significant increase on total BW gain comparatively to the mice fed with Chow, Chow
animals [Chow (0,3600 + 0,1835); n=24 versus HFD (5,574 + 0,7989); n=21 — P-value <0,0001]. B) The
HFD animals presented a statistically significant increase on cumulative BW gain comparatively to the
Chow animals [Chow; n=24 versus HFD; n=21 — 0: P-value >0,9999; 1: P-value =0,0007; 2: P-value
<0,0001; 3: P-value <0,0001; 4: P-value <0,0001]. C) The HFD animals presented a statistically
significant increase of the total food intake comparatively to the Chow animals [Chow (87,23 + 2,266);
n=24 versus HFD (171,8 + 8,903); n=21 — P-value <0,0001]. D) The HFD animals presented a statistically
significant increase of the cumulative food intake, in the 1, 2", 3™ and 4'" week, comparatively to the
Chow animals [Chow; n=24 versus HFD; n=21 — 0: P-value >0,9999; 1: P-value =0,0010; 2: P-value
<0,0001; 3: P-value <0,0001; 4: P-value <0,0001]. E) The HFD animals presented a statistically
significant reduction of the total water intake comparatively to the Chow animals in the 4" week [Chow
(94,19 + 2,947); n=24 versus HFD (121,3 + 9,116); n=21 — P-value =0,0107]. F) The HFD animals
presented a statistically significant increase of the cumulative water intake, in the 3™ and 4™ week,
comparatively to the Chow animals [Chow; n=24 versus HFD; n=21 — 0: P-value >0,9999; 1: P-value >
0,9999; 2: P-value =0,0509; 3: P-value =0,0090; 4: P-value =0,0013]. Data were represented as mean
+ SEM. [P-value < 0,05 (*), P-value < 0,01 (**), P-value < 0,001 (***), P-value < 0,0001 (****) - unpaired
Student’s t-test: A-C-E; Two-way ANOVA with Bonferroni’s multiple comparisons test: B-D-F.
Abbreviations: AAV5: adeno-associated vectors of the serotype 5; BW: body weight; Chow: low fat
control diet; HFD: high fat diet; sh: short hairpin.

2. Silencing Cyp46a1 gene in the hypothalamus increases body weight of C57BL/6J mice fed
with Chow and HFD

Cholesterol is crucial in neuronal physiology and therefore its metabolism is tightly
controlled through an equilibrium between cholesterol synthesis, storage, conversion to
oxysterol and cholesterol excretion (Zhang and Liu 2015). The conversion of cholesterol into
oxysterols is catalyzed by CYP46A1 enzyme, a member of the cytochrome P450 family, which
is encoded by CYP46A1 gene. The CYP46A1 converts cholesterol into 24-OHC in the neurons
of CNS. Contrarily to cholesterol, 24-OHC is a molecule with capacity to cross BBB and reach
systematic circulation to posterior elimination in biliary acids (Bjérkhem 2006).

Previous studies documented that a stereotaxic injection delivering a shRNA targeting
the Cyp46a1 gene, in the hippocampus of C57BL/6J wild-type mice, decreases the expression
of Cyp46al resulting in a decrease of 24-OHC oxysterols levels in hippocampus and as
consequence an accumulation of cholesterol (Djelti et al. 2015; Boussicault et al. 2016). The
cholesterol content increased 2 to 2.5-fold, which induced the apoptotic death of
hippocampal neurons in C57BL/6J wild-type mice (Djelti et al. 2015). Hippocampal neurons,
upon Cyp46al expression inhibition, showed signals of apoptosis, including shrinkage of the

cell soma, presence of pyknotic nuclei and caspase activation (Djelti et al. 2015). Moreover,
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alterations in oxysterol metabolism were correlated with obesity (Guillemot-Legris et al.
2016). In fact, previous studies showed decreases in the oxysterols levels of obese mice
models (Guillemot-Legris et al. 2016).

Therefore, we hypothesized that the silencing of Cyp46al gene in the hypothalamus,
namely in the ARC, leads to a reduction in the Cyp46al enzymatic activity, as consequence to
a reduction of 24-OHC levels and a cholesterol accumulation in ARC neurons. As the ARC is
implicated in the control of whole-body energy metabolism, this silencing of Cyp46al gene,
could lead to an obesity and TIIDM phenotypes.

This study was conducted during a period of 12 weeks. In the 4" week, the two groups
of mice (Chow and HFD) were divided into four subgroups, two that were submitted to the
stereotaxic injection delivering the AAV of the serotype 5, with the shRNA targeting the mouse
Cyp46al gene (Chow AAV5-shCyp46al and HFD AAV5-shCyp46a1l), and the remaining two
subgroups were not submitted to the stereotaxic injection (Chow-Non-injected and HFD-Non-
injected), which constituted the control groups. The stereotaxic injection was performed in
each side of the ARC. The four subgroups were composed by both females and males (Chow
Non-injected: n=13, female: n=4 and male: n=9; Chow AAV5-shCyp46al: n=11, female: n=4
and male: n=7; HFD Non-injected: n=10, female: n=6 and male: n=4; HFD AAV5-shCyp46al:
n=11, female: n=7 and male: n=4). The analysis of the total and cumulative BW gain was
performed from the 4™ until the 12t week of the study in order to understand the impact of
silencing Cyp46al gene in ARC in the body weight (Figure 12 — A/B and 3 — A/B).

In the group of Chow animals, the mice submitted to the stereotaxic injection (Chow
AAV5-shCyp46al animals) presented a significant increase in the total BW gain comparatively
to the group of mice not submitted to the stereotaxic injection (Chow Non-injected animals)
[Chow Non-injected (2,466 + 0,3101); n=13 versus Chow AAV5-shCyp46al (8,593 + 2,088);
n=11 - P-value =0,0046] (Figure 12 — A). This analysis was also performed comparing the total
BW gain between the females and between the males (Annexes 1 — A/B and 2 — A/B).
Between females the Chow AAV5-shCyp46al animals presented an increase in the total BW
gain comparatively to Chow Non-injected animals, however, this increase is not significant
[Chow Non-injected (1,650 + 0,4245); n=4 versus Chow AAV5-shCyp46al (7,610 + 2,965); n=4
— P-value =0,0937] (Annex 1 — A). Among males, the Chow AAV5-shCyp46al animals

presented a significant increase in the total BW gain comparatively to Chow Non-injected
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animals [Chow Non-injected (2,829 + 0,3534); n=9 versus Chow AAV5-shCyp46al (9,154 +
2,614); n=7 — P-value =0,0297] (Annex 2 — A).

In the cumulative BW gain analysis (Figure 12 — B), the Chow AAV5-shCyp46al animals
exhibited a significant increase of body weight gain relatively to Chow Non-injected animals
in the 6™ and 8™ week, after the stereotaxic injection [Chow Non-injected: n=13 versus Chow
AAV5-shCyp46al: n=11 — 0: P-value > 0,9999; 3: P-value > 0,9999; 6: P-value <0,0001; 8: P-
value =0,0002]. This analysis was additionally performed among the females and the males
(Annex 1-B and 2 —-B). The analysis of the cumulative BW gain between females and between
males show that Chow AAV5-shCyp46al animals presented a significant increase in the body
weight gain relatively to Chow Non-injected animals, in the 6" and 8™ week, after the
stereotaxic injection (Annex 1 — B and 2 — B) [Females: Chow Non-injected: n=4 versus Chow
AAV5-shCyp46al: n=4—0: P-value > 0,9999; 3: P-value > 0,9999; 6: P-value =0,0315; 8: P-value
=0,0368; Males: Chow Non-injected: n=9 versus Chow AAV5-shCyp46al: n=7 — 0: P-value >
0,9999; 3: P-value =0,8459; 6: P-value <0,0001; 8: P-value =0,0064].

In the HFD animals groups, the mice submitted to the stereotaxic injection (HFD AAV5-
shCyp46al animals) did not showed a significant increase in the total BW gain, comparatively
to the group of mice not submitted to the stereotaxic injection (HFD Non-injected animals)
[HFD Non-injected (7,034 + 0,8942); n=10 versus HFD AAV5-shCyp46al (11,59 + 2,192); n=11
— P-value =0,0790] (Figure 13 — A/C/D). The analysis of the total BW gain was also performed
between the females and between the males (Annexes 3 — A/B and 4 — A/B). Between
females, the HFD AAV5-shCyp46al animals comparatively to the HFD Non-injected animals
did not presented significant alterations on total body weight gain [HFD Non-injected (6,440
+1,413); n=6 versus HFD AAV5-shCyp46al (9,561 + 2,865); n=7 — P-value =0,3748] (Annex 3 —
A). Between males, the HFD AAV5-shCyp46al animals presented a higher total BW gain
comparatively to HFD Non-injected animals, although it was not significant [HFD Non-injected
(7,925 + 0,7522); n=4 versus HFD AAV5-shCyp46al (15,15 + 2,950); n=4 — P-value =0,0503]
(Annex 4 — A). The HFD AAV5-shCyp46al animals, in the cumulative BW gain analysis, (Figure
13 - B) presented a significant increase in the cumulative body weight gain relatively to HFD
Non-injected animals in the 8™ week after the stereotaxic injection [HFD Non-injected: n=10
versus HFD AAV5-shCyp46al: n=11 — 0: P-value > 0,9999; 3: P-value >0,9999; 6: P-value
=0,5882; 8: P-value =0,0452].
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Figure 12| Silencing Cyp46al gene in the hypothalamus induces an increase in body weight of
C57BL/6J mice fed with a Chow

In the 4™ week of the study the stereotaxic injections were performed in C57BL/6J wild-type mice fed
with Chow [Chow AAV5-shCyp46a1 animals — (n=11)]. The stereotaxic injection was performed in each
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side of the ARC to deliver the AAV5-shCyp46al. An analysis of the total and cumulative BW gain from
the 4" until the 12" week of the study was performed. A) Chow animals submitted to the stereotaxic
injection (Chow AAV5-shCyp46al animals) showed a statistically significant increase in the total BW
gain comparatively to the group of mice not injected (Chow Non-injected animals) [Chow Non-injected
(2,466 +0,3101); n=13 versus Chow AAV5-shCyp46a1 (8,593 + 2,088); n=11 — P-value =0,0046] B) Chow
AAV5-shCyp46al animals presented a statistically significant increase of body weight gain
comparatively to Chow Non-injected animals in the 6" and 8™ week after the stereotaxic injection
[Chow Non-injected: n=13 versus Chow AAV5-shCyp46al: n=11 — 0: P-value > 0,9999; 3: P-value >
0,9999; 6: P-value <0,0001; 8: P-value =0,0002]. C) Image of C57BL/6J wild-type mice fed with Chow
and non-submitted to stereotaxic injection, at the 12" week of the study. D) Image of C57BL/6J wild-
type mice fed with Chow and submitted to stereotaxic injection delivering AVV5-shCyp46a1l in the
hypothalamus, at the 12" week of the study. E) Chow AAV5-shCyp46al animals presented an increase
in the total food intake comparatively to the Chow Non-injected animals [Chow Non-injected (218,9 +
11,03); n=13 versus Chow AAV5-shCyp46al (250,1 + 11,11); n=11 — P-value =0,0609]. F) Chow AAV5-
shCyp46a1l animals showed an increase of food intake comparatively to Chow Non-injected animals in
the 6" and 8™ week [Chow Non-injected: n=13 versus Chow AAV5-shCyp46al: n=11 — 0: P-value >
0,9999; 3: P-value >0,9999; 6: P-value <0,0001; 8: P-value =0,0061]. G) Chow AAV5-shCyp46al animals
presented an increase in the total water intake relatively to the Chow Non-injected animals [Chow
Non-injected (206,9 + 16,60); n=13 versus Chow AAV5-shCyp46al (261,4 + 29,45); n=11 — P-value
=0,1080]. H) Chow AAV5-shCyp46al animals presented an increased in water intake comparatively to
the Chow Non-injected animals, in the 8" week [Chow Non-injected: n=13 versus Chow AAV5-
shCyp46al: n=11 — 0: P-value >0,9999; 3: P-value >0,9999; 6: P-value =0,2408; 8: P-value =0,0304].
Data were represented as mean = SEM. [P-value < 0,05 (*), P-value < 0,01 (**), P-value < 0,001 (***),
P-value < 0,0001 (****) - unpaired Student’s t-test: A-E-G; Two-way ANOVA with Bonferroni’s multiple
comparisons test: B-F-H. Abbreviations: AAV5: adeno-associated vectors of the serotype 5; BW: body
weight; Chow: low fat control diet; HFD: high fat diet; sh: short hairpin.

Between females no alterations were observed in the body weight gain of HFD AAV5-
shCyp46al animals comparatively to the HFD Non-injected animals (Annex 3 — B) [Females:
HFD Non-injected: n=6 versus HFD AAV5-shCyp46al: n=7 — 0: P-value > 0,9999; 3: P-value
=0,9998; 6: P-value =0,9110; 8: P-value =0,5489]. Between males, the HFD AAV5-shCyp46al
animals presented a significant increase of BW gain relatively to the HFD Non-injected animals
in the 8™ week after the stereotaxic injection (Annex 4 — B) [Males: HFD Non-injected: n=4
versus HFD AAV5-shCyp46al: n=4 — 0: P-value > 0,9999; 3: P-value >0,9999; 6: P-value
=0,3988; 8: P-value =0,0276]. The analysis of the total BW gain was also performed comparing
females and males of the same study group (Annex 5), however the differences between

groups were not significant.
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Figure 13| Silencing Cyp46al gene in the hypothalamus induces an increase in body weight and
decreases the food intake of C57BL/6J mice fed with an HFD

In the 4" week of the study the stereotaxic injections were performed in C57BL/6J wild-type mice fed
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with HFD [HFD AAV5-shCyp46al animals — (n=11)]. The stereotaxic injection was performed in each
side of the ARC, aiming the deliver the AAV5-shCyp46al thus inhibiting the Cyp46al expression. An
analysis of the total and cumulative BW gain from the 4™ until the twelfth week of the study was
performed. A) HFD animals submitted to the stereotaxic injection (HFD AAV5-shCyp46al animals)
showed an increase in the total BW gain comparatively to the group of mice not injected (HFD Non-
injected animals) [HFD Non-injected (7,034 + 0,8942); n=10 versus HFD AAV5-shCyp46al (11,59 +
2,192); n=11 — P-value =0,0790]. B) HFD AAV5-shCyp46al animals presented a statistically significant
increase of body weight gain comparatively to HFD Non-injected animals in the 8" week after the
stereotaxic injection [HFD Non-injected: n=10 versus HFD AAV5-shCyp46al: n=11 — 0: P-value >
0,9999; 3: P-value >0,9999; 6: P-value =0,5882; 8: P-value =0,0452]. C) Image of C57BL/6J wild-type
mice fed with HFD and non-submitted to stereotaxic injection, at the 12" week of the study. D) Image
of C57BL/6J wild-type mice fed with HFD and submitted to stereotaxic injection delivering AVV5-
shCyp46al in the hypothalamus, at the 12" week of the study. E) HFD AAV5-shCyp46al animals
presented a statistically significance decrease in the total food intake comparatively to the HFD Non-
injected animals [HFD Non-injected (318,9 + 15,35); n=10 versus HFD AAV5-shCyp46a1 (258,5 + 11,49);
n=11 — P-value =0,0055]. F) HFD AAV5-shCyp46al animals showed an increase of food intake
comparatively to HFD Non-injected animals in the 8" week [HFD Non-injected: n=10 versus HFD AAV5-
shCyp46al: n=11 — 0: P-value > 0,9999; 3: P-value =8203; 6: P-value =0,2973; 8: P-value =0,0001]. G)
HFD AAV5-shCyp46a1l animals did not presented alterations in the total water intake relatively to the
HFD Non-injected animals [HFD Non-injected (204,0 + 11,26); n=10 versus HFD AAV5-shCyp46al
(215,5 + 14,70); n=11 — P-value =0,5497]. H) HFD AAV5-shCyp46a1 animals did not showed alterations
in water intake comparatively to the HFD Non-injected animals [HFD Non-injected: n=4 versus HFD
AAV5-shCyp46al: n=4 — 0: P-value >0,9999; 3: P-value >0,9999; 6: P-value =0,8285; 8: P-value
>0,9999]. Data were represented as mean * SEM. [P-value < 0,05 (*), P-value < 0,01 (**), P-value <
0,001 (***), P-value < 0,0001 (****) - unpaired Student’s t-test: A-E-G; Two-way ANOVA with
Bonferroni’s multiple comparisons test: B-F-H. Abbreviations: AAV5: adeno-associated vectors of the
serotype 5; BW: body weight; Chow: low fat control diet; HFD: high fat diet; sh: short hairpin.

Altogether, these results suggest that the silencing of the Cyp46al gene in the
hypothalamus leads to increase on total and cumulative BW gain in C57BL/6J wild-type mice

fed either with a Chow or with HFD.

3. Silencing Cyp46al gene in the hypothalamus alters food and water intake of C57BL/6J mice
fed with a Chow and HFD

The food was weighted, twice a week, and water measured, once a week, to perform

the analysis of the total food and water intake (Figure 12 — E/G and 13 — E/G) and the

cumulative food and water intake from the 4" until the 12t week of the study (Figure 12 —

F/H and 13 - F/H) in order to investigate the impact of silencing Cyp46al gene in food and

water intake.
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In the Chow groups, the Chow AAV5-shCyp46al animals presented an increase in the
total food intake comparatively to the Chow Non-injected animals in the twelfth week [Chow
Non-injected (218,9 + 11,03); n=13 versus Chow AAV5-shCyp46al (250,1 + 11,11); n=11 — P-
value =0,0609], although, it was not significant (Figure 12 — E). Between females, the Chow
AAV5-shCyp46a1l animals did not showed alterations in the total food intake comparatively to
Chow Non-injected animals, [Chow Non-injected (246,8 + 12,96); n=4 versus Chow AAV5-
shCyp46al (233,1 + 17,37); n=4 — P-value =0,5505] (Annex 1 — C). Between males, the Chow
AAV5-shCyp46al animals presented a significant increase in the total food intake
comparatively to Chow Non-injected animals [Chow Non-injected (206,5 + 13,16); n=9 versus
Chow AAV5-shCyp46al (259,7 + 13,94); n=7 — P-value =0,0156] (Annex 2 - C).

In the cumulative food intake analysis, the Chow AAV5-shCyp46al animals exhibited an
increase of food intake comparatively to Chow Non-injected animals, in the 6" and 8" week,
after the stereotaxic injection [Chow Non-injected: n=13 versus Chow AAV5-shCyp46al: n=11
— 0: P-value > 0,9999; 3: P-value > 0,9999; 6: P-value <0,0001; 8: P-value =0,0061] (Figure 12
—F). Females of the Chow AAV5-shCyp46al group did not presented alterations in food intake
comparatively to females of the Chow Non-injected animals group [Chow Non-injected: n=4
versus Chow AAV5-shCyp46al: n=4 — 0: P-value >0,9999; 3: P-value >0,9999; 6: P-value
>0,9999; 8: P-value >0,9999] (Annex 1 — D). On the other hand, between males, the Chow
AAV5-shCyp46a1 animals showed a significant increase of food intake, in the 6™ and 8" week,
relatively to Chow Non-injected animals [Chow Non-injected: n=9 versus Chow AAVS5-
shCyp46al: n=7 — 0: P-value >0,9999; 3: P-value =0,5206; 6: P-value <0,0001; 8: P-value
<0,0001] (Annex 2 — D).

In the HFD groups, the HFD AAV5-shCyp46al animals presented a significant decrease
in the total food intake comparatively to the HFD Non-injected animals in the twelfth week
[HFD Non-injected (318,9 + 15,35); n=10 versus HFD AAV5-shCyp46al (258,5 + 11,49); n=11 —
P-value =0,0055] (Figure 13 — E). Among females, no differences were observed in the food
intake pf the HFD AAV5-shCyp46a1 animals comparatively to HFD Non-injected animals, [HFD
Non-injected (300,9 + 22,72); n=6 versus HFD AAV5-shCyp46a1 (261,7 + 19,50); n=6 — P-value
=0,2198] (Annex 3 - C). Between males, the HFD AAV5-shCyp46al animals showed a
significant reduction in the total food intake comparatively to HFD Non-injected animals [HFD
Non-injected (253,6 + 5,169); n=4 versus HFD AAV5-shCyp46a1 (346,0 + 8,349); n=4 — P-value
<0,0001] (Annex 4 - C).
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The HFD AAV5-shCyp46al animals presented a decrease of the cumulative food intake
comparatively to HFD Non-injected animals, in the 8™ week after the stereotaxic injection
[HFD Non-injected: n=10 versus HFD AAV5-shCyp46al: n=11 — 0: P-value > 0,9999; 3: P-value
=8203; 6: P-value =0,2973; 8: P-value =0,0001] (Figure 13 — F). Between females, the HFD
AAV5-shCyp46al animals did not presented alterations in the food intake comparatively to
the HFD Non-injected animals [HFD Non-injected: n=6 versus HFD AAV5-shCyp46al: n=7 - 0:
P-value >0,9999; 3: P-value >0,9999; 6: P-value >0,9999; 8: P-value =0,2771] (Annex 3 — D).
Among males, the HFD AAV5-shCyp46a1 animals showed a significant reduction of food intake
in the 6™ and 8" week comparatively to the HFD Non-injected animals[HFD Non-injected: n=4
versus HFD AAV5-shCyp46al: n=4 — 0: P-value > 0,9999; 3: P-value =0,0525; 6: P-value
=0,0006; 8: P-value <0,0001] (Annex 4 — D).

Regarding the total and cumulative water intake analysis, in the Chow groups, the Chow
AAV5-shCyp46al animals showed an increase in the total water intake relatively to the Chow
Non-injected animals [Chow Non-injected (206,9 * 16,60); n=13 versus Chow AAV5-
shCyp46al (261,4 £ 29,45); n=11 — P-value =0,1080], however, this increase was not significant
(Figure 12 — G). The HFD AAV5-shCyp46al animals did not showed significant alterations in
this analysis comparatively to the HFD Non-injected group [HFD Non-injected (204,0 + 11,26);
n=10 versus HFD AAV5-shCyp46a1 (215,5 + 14,70); n=11 — P-value =0,5497] (Figure 13 — G).
Between females, in both groups (Chow and HFD animals), the Chow AAV5-shCyp46al and
the HFD AAV5-shCyp46al animals did not showed alterations in the total water intake
comparatively to the control groups (Non-injected) [Chow Non-injected (237,5 + 14,81); n=4
versus Chow AAV5-shCyp46al (255,0 + 57,32); n=4 — P-value =0,7775] (Annex 1 — E) [HFD
Non-injected (228,3 + 8,653); n=6 versus HFD AAV5-shCyp46a1 (224,3 + 21,84); n=6 — P-value
=0,8745] (Annex 3 — E). Between males, the Chow AAV5-shCyp46al animals exhibited an
increase in total water intake, comparatively to the Chow Non-injected animals, although it
was not significant [Chow Non-injected (193,3 + 22,03); n=9 versus Chow AAV5-shCyp46al
(265,0 £ 36,43); n=7 — P-value =0,0991] (Annex 2 — E). Concerning the HFD males, the HFD
AAV5-shCyp46al animals did not showed a significant increase in total water intake relatively
to the HFD Non-injected animals [HFD Non-injected (167,5 + 4,922); n=4 versus HFD AAV5-
shCyp46a1l (200,0 £ 13,71); n=4 — P-value =0,0671] (Annex 4 — E).

In the cumulative water intake analysis, in the Chow animals groups, the Chow AAV5-

shCyp46al animals presented an increased in water intake, in the 8" week, comparatively to
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the Chow Non-injected animals [Chow Non-injected: n=13 versus Chow AAV5-shCyp46a1l:
n=11 - 0: P-value >0,9999; 3: P-value >0,9999; 6: P-value =0,2408; 8: P-value =0,0304] (Figure
12 — H). The HFD AAV5-shCyp46al animals did not showed significant modifications of water
intake comparatively to the HFD Non-injected animals [HFD Non-injected: n=4 versus HFD
AAV5-shCyp46al: n=4 — 0: P-value >0,9999; 3: P-value >0,9999; 6: P-value =0,8285; 8: P-value
>0,9999] (Figure 13 — H). Among females, in both groups (Chow and HFD animals), the Chow
AAV5-shCyp46a1l and the HFD AAV5-shCyp46a1 animals did not exhibited alterations in water
intake comparatively to control mice (Non-injected animals) [Chow Non-injected: n=4 versus
Chow AAV5-shCyp46al: n=4 — 0: P-value >0,9999; 3: P-value >0,9999; 6: P-value >0,9999; 8:
P-value >0,9999] (Annex 1 — F) [HFD Non-injected: n=6 versus HFD AAV5-shCyp46al: n=7 - 0:
P-value >0,9999; 3: P-value >0,9999; 6: P-value >0,9999; 8: P-value >0,9999] (Annex 3 — F).
Between males, in the Chow groups, the Chow AAV5-shCyp46al animals presented a
significant increase in water intake, in the 8" week, comparatively to the Chow Non-injected
animals [Chow Non-injected: n=9 versus Chow AAV5-shCyp46al: n=7 — 0: P-value >0,9999; 3:
P-value >0,9999; 6: P-value =0,1617; 8: P-value =0,0209] (Annex 2 — F). Between males, the
HFD AAV5-shCyp46al animals showed a significant increase in water intake, in the 6" and 8t
week, comparatively to the HFD Non-injected animals [HFD Non-injected: n=4 versus HFD
AAV5-shCyp46al: n=4 — 0: P-value >0,9999; 3: P-value >0,9999; 6: P-value =0,0127; 8: P-value
=0,0092] (Annex 4 —F).

Overall, these results indicate that the silencing of the Cyp46al gene in the
hypothalamus leads to different profiles of food and water intake. In the Chow groups there
was an increase on total and cumulative food and water intake, whereas in the HFD animals

showed a reduction on total and cumulative food intake.

4. Silencing Cyp46al gene in the hypothalamus induces hyperglycemia and a diminution of
insulin sensitivity in C57BL/6J wild-type mice fed with a Chow and HFD

It is known that hyperglycemia and insulin resistance are tightly correlated with obesity

and other metabolic abnormalities. Therefore, to study the impact of HFD feeding in glucose

levels, a GTT was performed in the 4™ week (Figure 14 — A). Briefly, the Chow and HFD animals

were subjected to a starvation overnight period for about 12-16 hours and then to fasting

blood glucose measurement (t=0 min). After the measurement of fasting blood glucose levels,

C57BL/6J mice were injected intraperitoneally with a glucose solution (20%) and the blood
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glucose levels were measured at 5, 15, 30, 60, 90 and 120 min after the injection. The HFD
animals presented higher fasting blood glucose levels relatively to the Chow animals, and also
showed higher blood glucose levels at 5, 15, 30, 60, 90 and 120 min after the intraperitoneal
injection comparatively to the Chow animals. Nevertheless, the differences were only
significant at 0 and 60 min after intraperitoneal injection of glucose solution [Chow n=3 versus
HFD n=3 — 0: P-value =0,0189; 5: P-value =0,3343; 15: P-value >0,9999; 30: P-value =0,0996;
60: P-value =0,0090; 90: P-value =0,2844; 120: P-value =0,8713] (Figure 14 — A). It was also
possible to observe that the levels of blood glucose in Chow animals started to decrease at 15
min after intraperitoneal injection, whereas in HFD animals they only decrease at 30 min after
the intraperitoneal injection. Beyond GTT analysis, the measured blood glucose levels were
used to perform the analysis of the total area under the curve (AUC) where, the higher, the
lower the glucose tolerance. The HFD animals showed a significant increase of total AUC
comparatively to the Chow animals [Chow (667,9 + 0,8327); n=3 versus HFD (702,4 + 7,026);
n=3 — P-value =0,0082] (Figure 14 — B), suggesting reduced glucose tolerance.

In order to study the impact of HFD feeding in the insulin sensibility, an ITT was
performed in the 4" week (Figure 14 — C). Briefly, the Chow and HFD animals were subjected
to a starvation period for 4 hours and posterior fasting blood glucose measurement (t=0 min).
After the measurement of fasting blood glucose levels, the animals were injected
intraperitoneally with a 4 mg/ml insulin solution and the blood glucose levels were measured
at 5, 15, 30, 60, and 90 min after the injection. The HFD animals presented an increased in
blood glucose levels, which were significant 15 min after the insulin injection comparatively
to the Chow animals [Chow n=3 versus HFD n=3 — 0: P-value >0,9999; 5: P-value =0,0669; 15:
P-value =0,0002; 30: P-value =0,3156; 60: P-value >0,9999; 90: P-value >0,9999] (Figure 14 —
C). The blood glucose levels in Chow animals started to decrease at 5 min after intraperitoneal
injection, whereas in the HFD animals only started to decrease at 15 min after the injection.
Posteriorly to ITT, the constant for glucose clearance (kITT), per minute (%/min) was analyzed.
The HFD animals did not exhibited alterations of kITT comparatively to the Chow animals
[Chow (2,027 + 0,4060); n=3 versus HFD (2,052 + 0,7857); n=3 — P-value =0,9793] (Figure 14 —
D).

Overall, these data suggest that HFD feeding induces hyperglycemia, reduction of

glucose tolerance and of insulin sensitivity in C57BL/6J wild-type mice.
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In order to investigate the impact of silencing Cyp46a1l gene in hypothalamus in glucose
tolerance and in insulin sensibility, the GTT and ITT were also performed at the end of the
study.

In the Chow groups, the Chow AAV5-shCyp46al animals presented higher fasting blood
glucose levels and higher blood glucose levels at 30, 60, 90 and 120 min after the glucose
injection, comparatively to the Chow Non-injected animals in GTT analysis. However, the
differences were only significant at 30 min after intraperitoneal injection of glucose solution
[Chow Non-injected n=3 versus Chow AAV5-shCyp46al n=3; 0: P-value >0,9999; 5: P-value
>0,9999; 15: P-value =0,8214; 30: P-value =0,0025; 60: P-value >0,9999; 90: P-value >0,9999;
120: P-value >0,9999] (Figure 15 — A). The levels of blood glucose in the Chow Non-injected
animals started to decrease at 15 min after the injection, whereas they only started to
decrease at 30 min after the intraperitoneal in the Chow AAV5-shCyp46al animals. In total
AUC analysis, Chow AAV5-shCyp46al animals did not exhibit alterations of total AUC
comparatively to the Chow Non-injected [Chow Non-injected (634,8 + 8,889); n=3 versus
Chow AAV5-shCyp46al (642,0 + 23,57); n=3 — P-value =0,7883] (Figure 15 — B).

Concerning the analysis of ITT in the Chow groups, the Chow AAV5-shCyp46a1 animals
showed higher blood glucose levels at 15, 30 and 60 min after the insulin injection,
comparatively to the Chow control animals. However, the differences were not significant
[Chow Non-injected n=1 versus Chow AAV5-shCyp46al n=2; 0: P-value >0,9999; 5: P-value
>0,9999; 15: P-value >0,9999; 30: P-value >0,9999; 60: P-value =0,2981; 90: P-value >0,9999;
120: P-value >0,9999] (Figure 15 — C). The blood glucose levels of the Chow AAV5-shCyp46al
animals started to increase at 30 min after the insulin injection. Comparatively, the blood
glucose levels of Chow Non-injected animals only started to increase at 60 min after the
injection. The constant for glucose clearance (kITT), per minute (%/min) was analyzed and the
Chow AAV5-shCyp46al animals presented a reduction of kITT comparatively to the Chow
Non-injected animals (Figure 15 — D), suggesting reduced insulin sensitivity.

In the HFD animals groups, the HFD AAV5-shCyp46al animals did not showed
significant alterations in the fasting blood glucose levels and in the blood glucose, relative to
the HFD Non-injected [HFD Non-injected n=4 versus HFD AAV5-shCyp46al n=4 — 0: P-value
>0,9999; 5: P-value >0,9999; 15: P-value >0,9999; 30: P-value >0,9999; 60: P-value =0,2785;
90: P-value >0,9999; 120: P-value >0,9999] (Figure 15 — E). The blood glucose levels in the HFD

Non-injected animals started to decrease at 30 min after the injection, whereas they only
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started to decrease at 60 min after the insulin injection, in the HFD AAV5-shCyp46al animals.
Moreover, HFD AAV5-shCyp46al animals did not exhibited alterations of total AUC
comparatively to the HFD Non-injected [HFD Non-injected (699,7 + 5,607); n=4 versus HFD
AAV5-shCyp46al (706,0 £ 11,99); n=4 — P-value =0,6522] (Figure 15 - B).

In the ITT analysis, the HFD AAV5-shCyp46al animals presented higher blood glucose
levels at 5, 15, 30, 60 and 90 min after the insulin injection relatively to the HFD animals, being
significant at 5, 15, 60 and 90 min [HFD Non-injected n=4 versus HFD AAV5-shCyp46a1l n=4; 0:
P-value >0,9999; 5: P-value =0,0144; 15: P-value =0,0030; 30: P-value =0,2270; 60: P-value
=0,0383; 90: P-value =0,0290; 120: P-value >0,9999] (Figure 15— G). The HFD AAV5-shCyp46al
animals presented a reduction of kITT comparatively to the HFD Non-injected animals [HFD
Non-injected (1,916 + 0,1041); n=4 versus HFD AAV5-shCyp46a1 (1,398 + 0,09075); n=4 — P-
value =0,0095] (Figure 15 — H), suggesting reduced insulin sensitivity.

Altogether, the results suggest that the silencing Cyp46a1l gene leads to hyperglycemia

and to a reduction of insulin sensitivity in mice fed with Chow and HFD.
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Figure 14| HFD induces hyperglycemia and a diminution of insulin sensitivity of C57BL/6J wild-type
mice

In the 4™ week of the study, were performed the GTT and the ITT. Briefly, the Chow and HFD animals
were subjected to a starvation overnight period for about 12-16 hours in the GTT and a starvation
period for 4 hours in ITT, and posterior fasting blood glucose measurement (0). After the measurement
of fasting blood glucose levels, in the GTT, the C57BL/6J mice were injected intraperitoneally with a
glucose solution (20%) and the blood glucose levels were measured at 5, 15, 30, 60, 90 and 120 min
after the injection. In the ITT, the C57BL/6J mice were injected intraperitoneally with an insulin solution
and the blood glucose levels were measured at 5, 15, 30, 60, and 90 min after the injection. A) The
HFD animals presented higher fasting blood glucose levels and higher blood glucose levels at 5, 15, 30,
60, 90 and 120 min after the intraperitoneal injection of glucose solution, comparatively to the Chow
animals [Chow n=3 versus HFD n=3 — 0: P-value =0,0189; 5: P-value =0,3343; 15: P-value >0,9999; 30:
P-value =0,0996; 60: P-value =0,0090; 90: P-value =0,2844; 120: P-value =0,8713]. B) The HFD animals
showed a statistically significant increase of total AUC comparatively to the Chow animals [Chow
(667,9 + 0,8327); n=3 versus HFD (702,4 + 7,026); n=3 — P-value =0,0082]. C) The HFD animals
presented an increased in blood glucose levels, which were statistically significant 15 min after the
insulin injection comparatively to the Chow animals [Chow n=3 versus HFD n=3 — 0: P-value >0,9999;
5: P-value =0,0669; 15: P-value =0,0002; 30: P-value =0,3156; 60: P-value >0,9999; 90: P-value
>0,9999]. D) The HFD animals did not exhibited alterations of kITT comparatively to the Chow animals
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[Chow (2,027 + 0,4060); n=3 versus HFD (2,052 + 0,7857); n=3 — P-value =0,9793]. Data were
represented as mean = SEM. [P-value < 0,05 (*), P-value < 0,01 (**), P-value < 0,001 (***), P-value <
0,0001 (****) - unpaired Student’s t-test: B-D; Two-way ANOVA with Bonferroni’s multiple
comparisons test: A-C. Abbreviations: AUC: area under the curve; Chow: low fat control diet; GTT:
glucose tolerance test; ITT: insulin tolerance test; kITT: constant for glucose clearance; HFD: high fat
diet.

5. Silencing Cyp46al gene in the hypothalamus modify behavior activity of C57BL/6J mice fed
with a Chow and HFD

The animals were subjected to an open field behavior test in the twelfth week in order to
study the impact of silencing the Cyp46al gene in the locomotor and anxiety-like behavior.
The open field behavior test consisted in placing the mouse in a wall-closed box sufficient high
to prevent escaping, and the mouse motor activity was recorded (Seibenhener and Wooten
2015) for 10 min in day-time period (n=45) and 5 min in the night-time period (n=24). The
following parameters were scored: total distance, mean speed, time spend immobile,
immobile episodes, number of line crossings, number and time of rearing, number and time
of grooming, number of entries and time spend in the middle.

In day-time period, the injected animals (AAV5-shCyp46al) in both diets, Chow and HFD,
did not showed significant alteration in the total distance traveled comparatively to the Non-
injected animals (Figure 16 — A/B) (Table 7). In the night-time period, the Chow AAV5-
shCyp46al animals showed a significant decrease of total distance traveled relatively to Chow
Non-injected animals [Chow Non-injected (18,68 + 1,084); n=8 versus Chow AAV5-shCyp46al
(9,538 + 3,489); n=5 — P-value =0,0116] (Figure 17 — A) (Table 8). The HFD AAV5-shCyp46al
animals in comparison to the HFD Non-injected animals did not show any differences in total
distance traveled (Figure 17 — B) (Table 8). The Chow AAV5-shCyp46al and HFD AAV5-
shCyp46al animals, in the day-time period, did not showed significant alterations in the mean
speed comparatively to the Non-injected animals (Figure 16 — C/D) (Table 7). Between males,
the HFD AAV5-shCyp46al animals presented a significant decrease in the mean speed
relatively to the HFD Non-injected animals [HFD Non-injected (0,0480 + 0,00465); n=4 versus
HFD AAV5-shCyp46al (0,015 + 0,0039); n=4 — P-value =0,0017] (Annex 6 — H) (Annex 20).

In the night-time period, the Chow AAV5-shCyp46al animals exhibited a significant
decrease in the mean speed comparatively to Chow Non-injected animals [Chow Non-injected
(0,06238 + 0,0036); n=8 versus Chow AAV5-shCyp46al (0,0318 + 0,0118); n=5 — P-value
=0,0120] (Figure 17 — C) (Table 8).
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Figure 15| Silencing Cyp46a1l gene in the hypothalamus induces hyperglycemia and a diminution of
insulin sensitivity of C57BL/6J wild-type mice fed with a Chow and an HFD

In the 12" week of the study, were performed the GTT and the ITT. A) The Chow AAV5-shCyp46al
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animals showed higher fasting blood glucose levels and higher blood glucose levels at 30, 60, 90 and
120 min after the glucose injection, comparatively to the Chow Non-injected animals [Chow Non-
injected n=3 versus Chow AAV5-shCyp46al n=3; 0: P-value >0,9999; 5: P-value >0,9999; 15: P-value
=0,8214; 30: P-value =0,0025; 60: P-value >0,9999; 90: P-value >0,9999; 120: P-value >0,9999]. B) The
Chow AAV5-shCyp46al animals did not exhibit alterations of total AUC comparatively to the Chow
Non-injected animals [Chow Non-injected (634,8 + 8,889); n=3 versus Chow AAV5-shCyp46al (642,0 +
23,57); n=3 — P-value =0,7883]. C) The Chow AAV5-shCyp46al animals showed higher blood glucose
levels at 15, 30 and 60 min after the insulin injection, comparatively to the Chow Non-injected animals
[Chow Non-injected n=1 versus Chow AAV5-shCyp46al n=2; 0: P-value >0,9999; 5: P-value >0,9999;
15: P-value >0,9999; 30: P-value >0,9999; 60: P-value =0,2981; 90: P-value >0,9999; 120: P-value
>0,9999]. D) The Chow AAV5-shCyp46al animals presented a reduction of kITT comparatively to the
Chow Non-injected animals [Chow Non-injected n=1 versus Chow AAV5-shCyp46al n=2]. E) The HFD
AAV5-shCyp46al animals did not showed significant alterations in the blood glucose levels
comparatively to the HFD Non-injected [HFD Non-injected n=4 versus HFD AAV5-shCyp46al n=4 — 0:
P-value >0,9999; 5: P-value >0,9999; 15: P-value >0,9999; 30: P-value >0,9999; 60: P-value =0,2785;
90: P-value >0,9999; 120: P-value >0,9999]. F) The HFD AAV5-shCyp46al animals did not exhibited
alterations of total AUC comparatively to the HFD Non-injected [HFD Non-injected (699,7 + 5,607); n=4
versus HFD AAV5-shCyp46al (706,0 + 11,99); n=4 — P-value =0,6522]. G) The HFD AAV5-shCyp46a1l
animals presented higher blood glucose levels at 5, 15, 30, 60 and 90 min after the insulin injection
relatively to the HFD Non-injected animals [HFD Non-injected n=4 versus HFD AAV5-shCyp46al n=4,
0: P-value >0,9999; 5: P-value =0,0144; 15: P-value =0,0030; 30: P-value =0,2270; 60: P-value =0,0383;
90: P-value =0,0290; 120: P-value >0,9999]. H) The HFD AAV5-shCyp46al animals presented a
reduction of kITT comparatively to the HFD Non-injected animals [HFD Non-injected (1,916 + 0,1041);
n=4 versus HFD AAV5-shCyp46a1l (1,398 + 0,09075); n=4 — P-value =0,0095]. Data were represented
as mean + SEM. [P-value < 0,05 (*), P-value < 0,01 (**), P-value < 0,001 (***), P-value < 0,0001 (****)
- unpaired Student’s t-test: B-D-F-H; Two-way ANOVA with Bonferroni’s multiple comparisons test: A-
C-E-G. Abbreviations: AAV5: adeno-associated vectors of the serotype 5; AUC: area under the curve;
Chow: low fat control diet; GTT: glucose tolerance test; ITT: insulin tolerance test; kITT: constant for
glucose clearance; HFD: high fat diet.

The HFD AAV5-shCyp46al animals in comparison to the HFD Non-injected animals did not
showed modifications in the mean speed (Figure 17 — D) (Table 8). Between males (Annex 7
—G/H), the Chow AAV5-shCyp46al animals showed a decreased in mean speed comparatively
to Chow Non-injected animals (Annex 21) [Chow Non-injected (0,06517 + 0,0043); n=6 versus
Chow AAV5-shCyp46a1 (0,0153 + 0,0101); n=3 — P-value =0,0010].

The number of immobile episodes in day-time period, in both groups, the Chow AAV5-
shCyp46al and HFD AAV5-shCyp46al animals did not presented significant alterations
comparatively to the Non-injected animals (Figure 16 — E/F) (Table 7). Among females, the
HFD AAV5-shCyp46al animals exhibited a significant decrease of the number of immobile
episodes relatively to the HFD Non-injected animals [HFD Non-injected (47,00 + 2,887); n=6
versus HFD AAV5-shCyp46al (32,29 + 4,839); n=7 — P-value =0,0296] (Annex 8 — B) (Annex
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18). In the night-time period, in both groups, Chow and HFD animals, the AAV5-shCyp46a1l
animals did not show significant alterations in the number of immobile episodes compared to
Non-injected animals (Figure 17 — E/F) (Table 8).

The analysis of the time immobile in day-time period demonstrated that the Chow

AAV5-shCyp46al and HFD AAV5-shCyp46al animals did not presented significant alterations
in the time immobile comparatively to the Non-injected animals (Figure 16 — G/H) (Table 7).
Between males, the HFD AAV5-shCyp46al animals presented a significant increase in the time
immobile in comparison to the HFD Non-injected animals [HFD Non-injected (190,1 + 34,95);
n=4 versus HFD AAV5-shCyp46a1l (430,8 + 42,52); n=4 — P-value =0,0047] (Annex 8 — H) (Annex
20). In the night-time period, the Chow AAV5-shCyp46al animals exhibited a significant
increase in the time immobile comparatively to Chow Non-injected animals [Chow Non-
injected (54,24 + 8,265); n=8 versus Chow AAV5-shCyp46al (149,5 + 45,60); n=5 — P-value
=0,0247] (Figure 17 — G) (Table 8). The HFD AAV5-shCyp46al animals did not exhibited
alterations in the time immobile comparatively to the HFD Non-injected animals (Figure 17 —
H) (Table 8). Between males (Annex 9 — G/H), the Chow AAV5-shCyp46al animals showed a
significant increase in the time immobile relatively to Chow Non-injected animals [Chow Non-
injected (51,17 £ 10,60); n=6 versus Chow AAV5-shCyp46al (205 + 54,92); n=3 — P-value
=0,0056] (Annex 21).
The Chow AAV5-shCyp46al and HFD AAV5-shCyp46al animals did not presented significant
alterations in the number of crossing lines comparatively to the Non-injected animals (Figure
18 — A/B) (Table 7). Between males the HFD AAV5-shCyp46a1 animals presented a significant
decrease in the number of crossing lines relatively to the HFD Non-injected animals [HFD Non-
injected (242,3 + 29,55); n=2 versus HFD AAV5-shCyp46al (64,25 + 12,93); n=2 — P-value
=0,0015] (Annex 10 — D) (Annex 20). In the night-time period, the Chow AAV5-shCyp46a1l
animals exhibited a significant decrease in the number of crossing lines comparatively to Chow
Non-injected animals [Chow Non-injected (135,0 + 8,726); n=8 versus Chow AAV5-shCyp46al
(63,00 £ 22,13); n=5 — P-value =0,0047] (Figure 19 — A) (Table 8). The HFD AAV5-shCyp46al
animals relatively to the HFD Non-injected animals did not displayed modifications in the
number of crossing lines (Figure 19 — B) (Table 8). Between males (Annex 11 — G/H), the Chow
AAV5-shCyp46al animals showed a decrease in the number of crossing lines comparatively to
Chow Non-injected animals [Chow Non-injected (138,3 + 11,40); n=6 versus Chow AAV5-
shCyp46al (33,00 £+ 21,78); n=3 — P-value =0,0020] (Annex 21).
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Figure 16|Silencing Cyp46al gene in the hypothalamus of C57BL/6J wild-type mice fed with Chow
and HFD, did not modified the total distance traveled, mean speed, number of immobile episodes
and the time immobile, in the day-time period

The animals were subjected to an open field behavior test in the twelfth week which consisted in
placing the mouse in a wall-closed box and the motor activity was recorded for 10 min in day-time
period. A) The Chow AAV5-shCyp46al did not showed significant alteration in the total distance
traveled comparatively to the Chow Non-injected animals [Chow Non-injected (27,99 + 1,622); n=13
versus Chow AAV5-shCyp46al (22,93 +4,626); n=11 — P-value =0,2823]. B) The HFD AAV5-
shCyp46a1l did not showed significant alteration in the total distance traveled comparatively to the
HFD Non-injected animals [HFD Non-injected (25,29 + 1,874); n=10 versus HFD AAV5-shCyp46a1l
(21,34 £ 5,179); n=11 — P-value =0,4988]. C) The Chow AAV5-shCyp46al did not showed significant
alterations in the mean speed comparatively to the Chow Non-injected animals [Chow Non-injected
(0,047 +£0,003); n=13 versus Chow AAV5-shCyp46a1 (0,035 + 0,008); n=11 — P-value =0,2799]. D)
The HFD AAV5-shCyp46al animals did not presented significant alterations in the mean speed
comparatively to the HFD Non-injected animals [HFD Non-injected (0,042 + 0,003); n=10 versus HFD
AAV5-shCyp46al (0,035 + 0,009); n=11 — P-value =0,4828]. E) The Chow AAV5-shCyp46al animals
did not showed statistically significant alterations in the number of immobile episodes comparatively
to the Chow Non-injected animals [Chow Non-injected (43,54 + 2,707); n=13 versus Chow AAV5-
shCyp46al (38,00 + 2,908); n=11 — P-value =0,1776]. F) The HFD AAV5-shCyp46al animals did not
presented statistically significant alterations in the number of immobile episodes comparatively to the
HFD Non-injected animals [HFD Non-injected (46,80 +3,495); n=10 versus HFD AAV5-shCyp46al
(39,55 + 5,362); n=11 — P-value =0,2815]. G) The Chow AAV5-shCyp46a1 animals did not presented
significant alterations in the time immobile comparatively to the Chow Non-injected animals [Chow
Non-injected (193,1 + 18,01); n=13 versus Chow AAV5-shCyp46al (261,7 + 48,24); n=11 — P-
value =0,1703]. H) The HFD AAV5-shCyp46a1 animals did not presented significant alterations in the
time immobile comparatively to the HFD Non-injected animals [HFD Non-injected (237,3 + 23,91);
n=10 versus HFD AAV5-shCyp46al (290,4 + 46,78); n=11 — P-value =0,3399]. Data were
represented as mean = SEM. [P-value < 0,05 (*), P-value < 0,01 (**), P-value < 0,001 (***), P-value <
0,0001 (****) — unpaired Student’s t-test: A-B-C-D-E-F-G-H; Abbreviations: Chow: low fat control diet;
HFD: high fat diet; AAV5: adeno-associated vectors of the serotype 5; sh: short hairpin.

In day-time period, the Chow AAV5-shCyp46al and HFD AAV5-shCyp46al animals
showed a significant decrease in the number of entries in the middle zone comparatively to
the Non-injected animals [Chow Non-injected (23,15 %2,643); n=13 versus Chow AAV5-
shCyp46al (11,82 + 2,486); n=11 — P-value =0,0054] (Figure 18 — C) [HFD Non-injected (18,90
+ 2,523); n=10 versus HFD AAV5-shCyp46al (8,545 + 1,956); n=11 — P-value =0,0040] (Figure
18 — D) (Table 7). Between males, the HFD AAV5-shCyp46al animals presented a significant
decrease in the number of entries in the middle zone in comparison to the HFD Non-injected

animals (Annex 10 — G) [HFD Non-injected (24,25 + 4,526); n=4 versus HFD AAV5-shCyp46al
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(4,00 + 0,7071); n=4 — P-value =0,0044] (Annex 20). In night-time period, the Chow AAV5-
shCyp46al animals showed a significant decrease in the number of entries in the middle zone
comparatively to Chow Non-injected animals [Chow Non-injected (11,00 + 1,512); n=8 versus
Chow AAV5-shCyp46al (5,400 + 1,568); n=5 — P-value =0,0324] (Figure 19 — C) (Table 8). The
HFD AAV5-shCyp46al animals did not showed a significant decrease relatively to HFD Non-
injected animals (Figure 19 — D) (Table 8). Between males (Annex 11 — G/ H), the Chow AAV5-
shCyp46al animals showed a significant decrease in the number of crossing lines
comparatively to Chow Non-injected animals (Annex 21) [Chow Non-injected (11,83 + 1,887);
n=6 versus Chow AAV5-shCyp46al (3,333 + 1,8453); n=3 — P-value =0,0227].

In day-time period, the Chow AAV5-shCyp46al animals showed a decrease in the time
spend in the middle zone comparatively to the Chow Non-injected animals, although it was
not significant (Figure 18 — E). The HFD AAV5-shCyp46a1l presented a significant decrease in
the time spend in the middle comparatively to the HFD Non-injected animals [HFD Non-
injected (16,94 + 2,436); n=10 versus HFD AAV5-shCyp46al (9,255 + 1,699); n=11 — P-value
=0,0160] (Figure 18 — F) (Table 7). Between males, the AAV5-shCyp46al animals presented a
significant increase in the time spend in the middle zone relatively to the Non-injected animals
[Chow Non-injected (29,79 + 4,922); n=6 versus Chow AAV5-shCyp46al (10,60 + 2,600); n=3
— P-value =0,0107] (Annex 12 — C) [HFD Non-injected (29,50 + 7,098); n=2 versus HFD AAV5-
shCyp46al (8,750 * 4,422); n=2 — P-value =0,0477] (Annex 12 — D) (Annex 20). In the night-
time period, the Chow AAV5-shCyp46al animals presented an increase of time spend in the
middle comparatively to Chow Non-injected animals, however, was not significant (Figure 19
— E) (Table 8). The HFD AAV5-shCyp46al animals exhibited a significant increase
comparatively to HFD Non-injected animals [HFD Non-injected (7,550 * 1,414); n=10 versus
HFD AAV5-shCyp46al (106,8 + 36,97); n=11 — P-value =0,0230] (Figure 19 — F) (Table 2).
Amongst females (Annex 13 — A/B) the HFD AAV5-shCyp46a1 animals presented a significant
increase in the time spend in the middle comparatively to the Non-injected animals [HFD Non-
injected (9,075 + 1,499); n=4 versus HFD AAV5-shCyp46al (133,3 + 19,65); n=3 — P-value
=0,0007] (Annex 19).
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Figure 17| Silencing Cyp46al gene in the hypothalamus of C57BL/6J wild-type mice fed with Chow,
modify the total distance traveled, mean speed and the time immobile, in the night-time period

The animals were subjected to an open field behavior test in the twelfth week which consisted in
placing the mouse in a wall-closed box and the motor activity was recorded for 5 min in night-time
period. A) The Chow AAV5-shCyp46al animals showed a statistically significant decrease of total
distance traveled relatively to Chow Non-injected animals [Chow Non-injected (18,68 + 1,084); n=8
versus Chow AAVS5-shCyp46al (9,538 + 3,489); n=5 — P-value =0,0116]. B) The HFD AAV5-shCyp46al
did not showed significant alteration in the total distance traveled comparatively to the HFD Non-
injected animals [HFD Non-injected (16,04 + 1,538); n=6 versus HFD AAV5-shCyp46a1l (13,21 +3,514);
n=5 — P-value =0,4516]. C) The Chow AAV5-shCyp46al animals showed a statistically significant
decrease in the mean speed comparatively to the Chow Non-injected animals [Chow Non-injected
(0,06238 + 0,0036); n=8 versus Chow AAV5-shCyp46al (0,0318 + 0,0118); n=5 — P-value =0,0120]. D)
The HFD AAV5-shCyp46al animals did not presented significant alterations in the mean speed
comparatively to the HFD Non-injected animals [HFD Non-injected (0,0535 + 0,0051); n=6 versus HFD
AAV5-shCyp46al (0,0440 + 0,0012); n=5- P-value =0,4460]. E) The Chow AAV5-shCyp46al animals did
not showed statistically significant alterations in the number of immobile episodes comparatively to
the Chow Non-injected animals [Chow Non-injected (13,88 * 2,074); n=8 versus Chow AAVS5-
shCyp46a1 (13,25 + 0,4787); n=5 — P-value =0,8403]. F) The HFD AAV5-shCyp46al animals did not
presented statistically significant alterations in the number of immobile episodes comparatively to the
HFD Non-injected animals [HFD Non-injected (21,00 + 2,176); n=6 versus HFD AAV5-shCyp46a1l (15,00
+ 2,121); n=5- P-value =0,0828]. G) The Chow AAV5-shCyp46al animals exhibited a statistically
significant increase in the time immobile comparatively to Chow Non-injected animals [Chow Non-
injected (54,24 + 8,265); n=8 versus Chow AAV5-shCyp46al (149,5 + 45,60); n=5 — P-value =0,0247].
H) The HFD AAV5-shCyp46al animals did not presented significant changes in the time immobile
comparatively to the HFD Non-injected animals [HFD Non-injected (80,33 + 10,36); n=6 versus HFD
AAV5-shCyp46al (113,1 + 39,75); n=5- P-value =0,4067]. Data were represented as mean + SEM. [P-
value < 0,05 (*), P-value < 0,01 (**), P-value < 0,001 (***), P-value < 0,0001 (****) — unpaired Student’s
t-test: A-B-C-D-E-F-G-H; Abbreviations: Chow: low fat control diet; HFD: high fat diet; AAV5: adeno-
associated vectors of the serotype 5; sh: short hairpin.
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Figure 18] Silencing Cyp46a1l gene in the hypothalamus of C57BL/6J wild-type mice fed with Chow

and HFD, modify the number of entries in the middle and the time in the middle in the day-time

period

A) The Chow AAV5-shCyp46al did not showed significant alteration in the number of crossing lines
comparatively to the Chow Non-injected animals [Chow Non-injected (212,9 + 13,15); n=13 versus
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Chow AAV5-shCyp46al (173 + 29,41); n=11 — P-value =0,2135]. B) The HFD AAV5-shCyp46a1l did not
showed significant alteration in the number of crossing lines comparatively to the HFD Non-injected
animals [HFD Non-injected (200 + 18,87); n=10 versus HFD AAV5-shCyp46al (147 + 35,27); n=11 — P-
value =0,2214]. C) The Chow AAV5-shCyp46al animals showed a statistically significant decrease in
the number of entries in the middle zone comparatively to the Chow Non-injected animals [Chow Non-
injected (23,15 +2,643); n=13 versus Chow AAV5-shCyp46a1l (11,82 + 2,486); n=11 — P-value =0,0054].
D) The HFD AAV5-shCyp46al animals showed a statistically significant decrease in the number of
entries in the middle zone comparatively to the HFD Non-injected animals [HFD Non-injected (18,90 +
2,523); n=10versus HFD AAV5-shCyp46a1 (8,545 + 1,956); n=11 — P-value =0,0040]. E) The Chow AAV5-
shCyp46al animals showed a decrease in the time spend in the middle zone comparatively to the
Chow Non-injected animals, however it was not statistically significant [Chow Non-injected (26,12 +
3,810); n=13 versus Chow AAV5-shCyp46al (15,57 + 3,364); n=11— P-value =0,0536]. F) The HFD AAV5-
shCyp46a1l presented a statistically significant decrease in the time spend in the middle comparatively
to the HFD Non-injected animals [HFD Non-injected (16,94 + 2,436); n=10 versus HFD AAV5-shCyp46a1
(9,255 * 1,699); n=11 — P-value =0,0160]. Data were represented as mean * SEM. [P-value < 0,05 (*),
P-value < 0,01 (**), P-value < 0,001 (***), P-value < 0,0001 (****) — unpaired Student’s t-test: A-B-C-
D-E-F; Abbreviations: Chow: low fat control diet; HFD: high fat diet; AAV5: adeno-associated vectors
of the serotype 5; sh: short hairpin.

In the analysis of the number of grooming’s, in day-time period, the Chow AAV5-
shCyp46al animals did not showed modifications comparatively to the Chow Non-injected
animals (Figure 20 — A). The HFD AAV5-shCyp46al animals presented a decrease in the
number of grooming’s comparatively to the HFD-Non-injected animals, however, it was not
significative (Figure 20 — B) (Table 7). In night-time period, the Chow AAV5-shCyp46al animals
did not exhibited alterations in the number of grooming’s comparatively to Chow Non-
injected animals (Figure 21 — A) (Table 8). The HFD AAV5-shCyp46al animals relatively to the
HFD Non-injected animals demonstrated a significative decrease in the number of grooming’s
[HFD Non-injected (1,667 + 0,2108); n=10 versus HFD AAV5-shCyp46al (1,00 + 0,0); n=11 — P-
value =0,0353] (Figure 21 — B) (Table 8).

In day-time period, the Chow AAV5-shCyp46al exhibited an increase, which was not
significant comparatively to the Chow Non-injected animals (Figure 20 — C). The HFD AAV5-
shCyp46al animals did not presented changes in the time of grooming’s relatively to the HFD
Non-injected animals (Figure 20 — D) (Table 7). In night-time period, the Chow AAVS5-
shCyp46al animals showed a significant increase in the time of grooming’s comparatively to
Chow Non-injected animals [Chow Non-injected (4,925 + 0,7952); n=8 versus Chow AAV5-

shCyp46al (111,50 + 3,452); n=5 — P-value =0,0412] (Figure 21 — C) (Table 8). The HFD AAVS5-
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Figure 19| Silencing Cyp46a1l gene in the hypothalamus of C57BL/6J wild-type mice fed with Chow
and HFD, modify the number of crossing lines, of entries in the middle and the time in the middle in
the night-time period

A) The Chow AAV5-shCyp46al animals exhibited a statistically significant decrease in the number of
crossing lines comparatively to Chow Non-injected animals [Chow Non-injected (135,0 + 8,726); n=8
versus Chow AAVS5-shCyp46al (63,00 + 22,13); n=5 — P-value =0,0047]. B) The HFD AAV5-shCyp46al
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did not showed significant alteration in the number of crossing lines comparatively to the HFD Non-
injected animals [HFD Non-injected (121,5 + 8,168); n=6 versus HFD AAV5-shCyp46a1l (95,20 + 23,17);
n=5 — P-value =0,2780]. C) The Chow AAV5-shCyp46al animals showed a statistically significant
decrease in the number of entries in the middle zone comparatively to the Chow Non-injected animals
Chow Non-injected (11,00 + 1,512); n=8 versus Chow AAV5-shCyp46al (5,400 * 1,568); n=5 — P-value
=0,0324]. D) The HFD AAV5-shCyp46al animals did not showed alterations in the number of entries in
the middle zone comparatively to the HFD Non-injected animals [HFD Non-injected (12,50 + 2,277);
n=6 versus HFD AAV5-shCyp46al (7,600 + 2,112); n=5 — P-value =0,1551]. E) The Chow AAVS5-
shCyp46al animals presented an increase of time spend in the middle comparatively to Chow Non-
injected animals, however, was not statistically significant [Chow Non-injected (127,0 + 9,326); n=8
versus Chow AAV5-shCyp46al (162,9 + 37,94); n=5 — P-value =0,3137]. F) The HFD AAV5-shCyp46al
animals presented a statistically significant increase comparatively to HFD Non-injected animals [HFD
Non-injected (7,550 + 1,414); n=6 versus HFD AAV5-shCyp46a1 (106,8 + 36,97); n=5— P-value =0,0230].
Data were represented as mean = SEM. [P-value < 0,05 (*), P-value < 0,01 (**), P-value < 0,001 (***),
P-value < 0,0001 (****) — unpaired Student’s t-test: A-B-C-D-E-F; Abbreviations: Chow: low fat control
diet; HFD: high fat diet; AAV5: adeno-associated vectors of the serotype 5; sh: short hairpin.

shCyp46al animals relatively to the HFD Non-injected animals demonstrated an increase in
the time of grooming’s, however, it was not significant (Figure 21 — D) (Table 8).

In the analysis of the number of rearing’s, in day-time period, the Chow AAVS5-
shCyp46al presented a significant decrease comparatively to the Chow Non-injected animals
[Chow Non-injected (47,15 + 4,652); n=13 versus Chow AAV5-shCyp46a1l (30,36 + 5,031); n=11
— P-value =0,0227] (Figure 19 — E). The HFD AAV5-shCyp46al animals did not presented
alterations in the number of rearing’s comparatively to the HFD-Non-injected animals (Figure
19 —F) (Table 7). Among males, the AAV5-shCyp46al animals presented a significant decrease
in the number of rearing’s comparatively to the Non-injected animals (Chow Non-injected
(47,00 + 4,813); n=6 versus Chow AAV5-shCyp46al (26,29 + 5,567); n=3 — P-value =0,0136]
(Annex 14 — G) [HFD Non-injected (37,25 + 9,437); n=2 versus HFD AAV5-shCyp46al (11,25 +
1,931); n=2 — P-value =0,0356] (Annex 14 — H) (Annex 20). In night-time period, the Chow
AAV5-shCyp46al animals presented a significant decrease in the number of rearing’s
comparatively to Chow Non-injected animals [Chow Non-injected (28,38 + 1,209); n=8 versus
Chow AAV5-shCyp46al (13,80 + 5,398); n=5 — P-value =0,0072] (Figure 21 — E) (Table 8). The
HFD AAV5-shCyp46a1 animals demonstrated a decrease in the number of rearing’s, however,
it was not significative (Figure 21 — F) (Table 8). Among males in the Chow AAV5-shCyp46al

animals it was observed a decrease in the number of rearing’s comparatively to the Non-
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injected animals (Annex 21) [Chow Non-injected (28,33 + 1,520); n=6 versus Chow AAV5-
shCyp46al (7,00 + 3,512); n=3 — P-value =0,0003] (Annex 15 - G).

In day-time period, the Chow AAV5-shCyp46a1 and HFD AAV5-shCyp46al animals showed a
significant decrease in the time of rearing’s comparatively to the Non-injected animals [Chow
Non-injected (45,87 + 4,937); n=13 versus Chow AAV5-shCyp46al (23,97 + 3,759); n=11 — P-
value =0,0024] (Figure 19 — G) [HFD Non-injected (36,13 + 4,163); n=10 versus HFD AAV5-
shCyp46al (18,85 + 5,022); n=11 — P-value =0,0169] (Figure 19 — H) (Table 7). Among males,
the AAV5-shCyp46al animals showed a significant decrease in the time of rearing
comparatively to the Non-injected animals (Chow Non-injected (43,78 * 4,397); n=6 versus
Chow AAV5-shCyp46al (20,50 * 3,808); n=3 — P-value =0,0017] (Annex 16 — C) [HFD Non-
injected (39,00 + 8,103); n=2 versus HFD AAV5-shCyp46al (4,833 + 0,6173); n=2 — P-value
=0,0162] (Annex 16 — D) (Annex 20). In the night-time period, the AAV5-shCyp46a1 animals,
in both diet groups, showed a significant decrease in the time of rearing’s comparatively to
Non-injected animals [Chow Non-injected (20,53 + 1,081); n=8 versus Chow AAV5-shCyp46al
(18,00 + 2,522); n=5 — P-value =0,0003] (Figure 21 — G) [HFD Non-injected (21,77 + 2,673);
n=10 versus HFD AAV5-shCyp46al (7,860 + 3,722); n=11 — P-value =0,0126] (Figure 21 — H)
(Table 8). Between males (Annex 17 — A/B/C/D) it was observed a decrease in the time of
rearing’s in the AAV5-shCyp46al animals comparatively to the Non-injected animals (Annex
21) [Chow Non-injected (19,75 + 1,168); n=6 versus Chow AAV5-shCyp46al (5,033 + 2,234); n=3
— P-value =0,0003] (Annex 17 — C) [HFD Non-injected (18,75 + 2,150); n=2 versus HFD AAV5-
shCyp46al (1,150 + 1,50); n=2 — P-value =0,0187] (Annex 17 — D).

Briefly, in day-time period, the Chow AAV5-shCyp46al and HFD AAV5-shCyp46al
animals, showed a significant decrease in the number of entries and time in the middle zone
and in the time of rearing’s comparatively to the Non-injected animals. The HFD AAV5-
shCyp46al animals presented a decrease in the number of grooming’s a comparatively to the
Non-injected groups.

In the night-time period, in both diet groups, the AAV5-shCyp46al animals showed a
significant decrease in the time of rearing’s comparatively to the Non-injected animals. The
Chow AAV5-shCyp46al animals showed a significant decrease of total distance traveled, in
the mean speed, in the number of crossing lines, in the number of entries in the middle zone,
in the number of rearing and a significant increase in the time immobile and in the time of

grooming’s, comparatively to the Chow Non-injected animals. The HFD AAV5-shCyp46a1
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Figure 20| Silencing Cyp46a1l gene in the hypothalamus of C57BL/6J wild-type mice fed with Chow
and HFD, modify the number and time of rearing in the day-time period

A) The Chow AAV5-shCyp46al animals did not showed modifications comparatively to the Chow Non-
injected animals [Chow Non-injected (3,769 + 0,7351); n=13 versus Chow AAV5-shCyp46al (3,364 +
0,5094); n=11 — P-value =0,6663]. B) The HFD AAV5-shCyp46al animals presented a decrease in the
number of grooming’s comparatively to the HFD-Non-injected animals, although, it was not
statistically significative [HFD Non-injected (5,200 %+ 1,114); n=10 versus HFD AAV5-shCyp46a1l (3,182
+0,4004); n=11 — P-value =0,0926]. C) The Chow AAV5-shCyp46al showed an increase, comparatively
to the Chow Non-injected animals, however, was not statistically significant [Chow Non-injected (11,59
+ 1,982n=13 versus Chow AAV5-shCyp46al (18,16 + 4,430); n=11 — P-value =0,1572]. D) The HFD
AAV5-shCyp46al animals did not presented alterations in the time of grooming relatively to the HFD
Non-injected animals [HFD Non-injected (19,29 + 2,353); n=10 versus HFD AAV5-shCyp46al (17,23 +
3,234); n=11 — P-value =0,6270]. E) The Chow AAV5-shCyp46al presented a statistically significant
decrease comparatively to the Chow Non-injected animals [Chow Non-injected (47,15 + 4,652); n=13
versus Chow AAV5-shCyp46a1l (30,36 + 5,031); n=11 — P-value =0,0227]. F) The HFD AAV5-shCyp46a1l
animals did not presented alterations in the number of rearing comparatively to the HFD-Non-injected
animals [HFD Non-injected (27,44 + 2,433); n=10 versus HFD AAV5-shCyp46al (27,36 + 6,344); n=11 —
P-value =0,9914]. G) The Chow AAV5-shCyp46al animals showed a statistically significant decrease in
the time of rearing comparatively to the Non-injected animals [Chow Non-injected (45,87 + 4,937);
n=13 versus Chow AAV5-shCyp46al (23,97 + 3,759); n=11 — P-value =0,0024]. H) The HFD AAVS5-
shCyp46al animals showed a statistically significant decrease in the time of rearing comparatively to
the Non-injected animals [HFD Non-injected (36,13 + 4,163); n=10 versus HFD AAV5-shCyp46a1l (18,85
+5,022); n=11 — P-value =0,0169]. Data were represented as mean * SEM. [P-value < 0,05 (*), P-value
< 0,01 (**), P-value < 0,001 (***), P-value < 0,0001 (****) — unpaired Student’s t-test: A-B-C-D-E-F;
Abbreviations: Chow: low fat control diet; HFD: high fat diet; AAV5: adeno-associated vectors of the
serotype 5; sh: short hairpin.

animals exhibited a significant decrease in the number of grooming’s and an increase in time
spend in the middle zone.
Overall, these results suggest that the silencing of Cyp46al mouse gene modify the

behavior of C57BL/6J.
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Figure 21 | Silencing Cyp46a1 gene in the hypothalamus of C57BL/6J wild-type mice fed with Chow
and HFD, modify the number and time of grooming and rearing, in the night-time period

A) The Chow AAV5-shCyp46al animals did not exhibited alterations in the number of grooming’s
comparatively to Chow Non-injected animals [Chow Non-injected (1,500 + 0,1890); n=8 versus Chow
AAV5-shCyp46al (1,800 + 0,3742); n=5 — P-value =0,4425]. B) The HFD AAV5-shCyp46al animals
showed a statistically significative decrease in the number of grooming’s relatively to the HFD Non-
injected animals [HFD Non-injected (1,667 *+ 0,2108); n=6 versus HFD AAV5-shCyp46al (1,00 + 0,0);
n=5 — P-value =0,0353]. C) The Chow AAV5-shCyp46al animals showed a statistically significant
increase in the time of grooming’s comparatively to Chow Non-injected animals [Chow Non-injected
(4,925 + 0,7952); n=8 versus Chow AAV5-shCyp46al (11,50 + 3,452); n=5 — P-value =0,0412]. D) The
HFD AAV5-shCyp46al animals exhibited an increase in the time of grooming’s, comparatively to the
HFD Non-injected animals, however, it was not statistically significant [HFD Non-injected (4,150 +
0,9584); n=6 versus HFD AAV5-shCyp46al (7,600 + 1,634); n=5 — P-value =0,0899]. E) The Chow AAV5-
shCyp46al animals presented a statistically significant decrease in the number of rearing’s
comparatively to Chow Non-injected animals [Chow Non-injected (28,38 + 1,209); n=8 versus Chow
AAV5-shCyp46al (13,80 + 5,398); n=5 — P-value =0,0072]. F) The HFD AAV5-shCyp46al animals
showed a decrease in the number of rearing’s, however, it was not statistically significative [HFD Non-
injected (24,67 + 3,252); n=6 versus HFD AAV5-shCyp46a1 (15,00 + 6,033); n=5 — P-value =0,1727]. G)
The Chow AAV5-shCyp46al animals showed a statistically significant decrease in the time of rearing
comparatively to the Non-injected animals [Chow Non-injected (20,53 + 1,081); n=8 versus Chow
AAV5-shCyp46al (8,00 + 2,522); n=5— P-value =0,0003]. H) The HFD AAV5-shCyp46a1l animals showed
a significant decrease in the time of rearing comparatively to the Non-injected animals [HFD Non-
injected (21,77 * 2,673); n=6 versus HFD AAV5-shCyp46al (7,860 + 3,722); n=5 — P-value =0,0126].
Data were represented as mean = SEM. [P-value < 0,05 (*), P-value < 0,01 (**), P-value < 0,001 (***),
P-value < 0,0001 (****) — unpaired Student’s t-test: A-B-C-D-E-F-G-H; Abbreviations: Chow: low fat
control diet; HFD: high fat diet; AAV5: adeno-associated vectors of the serotype 5; sh: short hairpin.
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Shows the parameters analyzed in the day-time period for each group of the study with

Table 7

=9; Chow
6 and male:

13, female: n=4 and male: n

respective mean + SEM and P-value [Chow Non-injected: n

10, female: n

11, female: n=4 and male: n=7; HFD Non-injected: n=

AAV5-shCyp46al: n
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n=4; HFD AAV5-shCyp46al: n=11, female: n=7 and male: n=4]. [P-value < 0,05 (*), P-value < 0,01 (**),
P-value < 0,001 (***), P-value < 0,0001 (****)] — unpaired Student’s t-test; Abbreviations: Chow: low
fat control diet; HFD: high fat diet; AAV5: adeno-associated vectors of the serotype 5; sh: short hairpin;
SEM: standard error of mean; d: statistically significant decrease; d: non-significant decrease; T

statistically significant increase; T non-significant decrease.
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Shows the parameters analyzed in the night-time period for each group of the study with

Table 8

2 and male: n=6; Chow AAV5-

respective mean = SEM and P-value [Chow Non-injected: n=8, female: n
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shCyp46al: n=5, female: n=2 and male: n=3; HFD Non-injected: n=6, female: n=4 and male: n=2; HFD
AAV5-shCyp46al: n=5, female: n=3 and male: n=2]. [P-value < 0,05 (*), P-value < 0,01 (**), P-value <
0,001 (***), P-value < 0,0001 (****)] — unpaired Student’s t-test; Abbreviations: Chow: low fat control
diet; HFD: high fat diet; AAV5: adeno-associated vectors of the serotype 5; sh: short hairpin; SEM:
standard error of mean; d: statistically significant decrease; d: non-significant decrease; T
statistically significant increase; T non-significant decrease.

6. Silencing Cyp46al gene in the hypothalamus induces an increase in WAT weight and
hypertrophy of adipocytes of C57BL/6J mice fed with Chow and HFD

Adipocytes respond rapidly and dynamically to overabundant food consumption
through adipocytes hypertrophy and hyperplasia (Kaur 2014).

The silencing of Cyp46a1 gene leads to an increase in BW, therefore, next we wanted to
evaluate its impact in WAT. At the end of the experiment, the animals were sacrificed, and the
main metabolic organs and tissues were collected and weighted.

The Chow AAV5-shCyp46al animals presented a significant increase on WAT weight
comparatively to the Chow Non-injected animals [Chow Non-injected (0,6256 + 0,0604); n=13
versus Chow AAV5-shCyp46al (1,6892 + 0,3178); n=11 — P-value =0,0017] (Figure 22 — A). This
increase was also observed in the HFD AAV5-shCyp46al animals comparatively to HFD Non-
injected animals, however, it was not significant [HFD Non-injected (1,705 % 0,2792); n=10
versus HFD AAV5-shCyp46al (2,455 + 0,3916); n=11 — P-value =0,1386](Figure 22 — B).

Between females (Annex 22 — A/B)and between males (Annex 22 — C/D), in both Chow
and HFD groups, the AAV5-shCyp46a1 animals presented an increase in WAT weight, however
it was only significant in the males [Males: Chow Non-injected (0,7183 + 0,657); n=9 versus
Chow AAV5-shCyp46al (1,907 + 0,422); n=7 — P-value =0,0070] (Annex 22 — C) [HFD Non-
injected (2,342 £ 0,1250); n=4 versus HFD AAV5-shCyp46al (2,962 + 0,1147); n=4 — P-value
=0,0106 ] (Annex 22 - D).

Next, to assess whether this increase in WAT weight was concomitant with alterations
in the architecture of WAT, hematoxylin-eosin staining was performed in WAT paraffin
sections and the area of adipocytes was determined.

The WAT is composed by spherical adipocytes which have a large lipid droplet in the

cytoplasm and vary their size in relation to the lipid content (Wronska and Kmiec 2012). In
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mature adipocytes, the large lipid droplet fills practically the entire volume of the cell, being
known as unilocular adipocytes (Wronska and Kmiec 2012).

The Chow AAV5-shCyp46al animals showed a strong increase of adipocytes size
comparatively to the Chow Non-injected animals (Figure 23 — A1/A2). Consistently, the Chow
AAV5-shCyp46al animals presented a significant increase of adipocytes area comparatively
to the Chow Non-injected animals [Chow Non-injected (1759 + 209,5); n=6 versus Chow AAV5-

shCyp46al (5901 + 710,9); n=6 — P-value =0,0002] (Figure 23 — B).

A) B)
4= 4=
%k %k
— 34 . 3
20 o0
b= =
.20 2= ® 2~
() ]
3 2
s =
< 1- < 14
= =
Non-injected AAV5-shCyp46al Non-injected AAV5-shCyp46al
Chow HFD

Figure 22|Silencing Cyp46al gene in the hypothalamus induces an increased in WAT weight of
C57BL/6) mice fed with a Chow and HFD

In the 12" week of the study, the C57BL/6J mice were sacrificed and the WAT were collected and
weighted. A) The Chow AAV5-shCyp46al animals presented a statistically significant increase on WAT
weight comparatively to the Chow Non-injected animals [Chow Non-injected (0,6256 + 0,0604); n=13
versus Chow AAV5-shCyp46al (1,6892 + 0,3178); n=11 — P-value =0,0017]. B) The HFD AAVS5-
shCyp46al animals presented an increase on WAT weight comparatively to the HFD Non-injected
animals, however, was not statistically significant [HFD Non-injected (1,705 + 0,2792); n=10 versus HFD
AAV5-shCyp46al (2,455 + 0,3916); n=11 — P-value =0,1386]. Data were represented as mean + SEM.
[P-value < 0,05 (*), P-value < 0,01 (**), P-value < 0,001 (***), P-value < 0,0001 (****)] — unpaired
Student’s t-test: A-B; Abbreviations: WAT: white adipose tissue; Chow: low fat control diet; HFD: high
fat diet; AAV5: adeno-associated vectors of the serotype 5; sh: short hairpin; SEM: standard error of

mean.

In the analysis of relative frequency of adipocytes area, the Chow AAV5-shCyp46al
animals presented a high frequency of adipocytes with areas between 4000 and 6000 pm?

and a low frequency of adipocytes with areas below 2000 um?, comparatively to the Chow
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Non-injected animals, which presented a high frequency of adipocytes with areas below 2000
um? and a low frequency of adipocytes with areas above 4000 um? [Chow Non-injected: n=6
versus Chow AAV5-shCyp46al: n=6; <2000: P-value <0,0001; 2000-4000: P-value =0,0656;
4000-6000: P-value <0,0001; 6000-8000: P-value <0,0001; 8000-10 000: P-value =0,02412;
10 000-12000: P-value >0,9999] (Figure 23 - C).
On other hand, the HFD AAV5-shCyp46al animals showed a lightly increase of the size and
signs of necrosis in some adipocytes comparatively to the HFD Non-injected animals (Figure
23— A3/A4). In fact, the HFD AAV5-shCyp46al animals presented a significant increase of
adipocytes area comparatively to the HFD Non-injected animals [HFD Non-injected (5275 +
453,8); n=8 versus HFD AAV5-shCyp46al (7888 + 909,4); n=8 — P-value =0,0222] (Figure 23 -
D). The analysis of relative frequency of adipocytes area between the HFD animals groups did
not showed significant differences [HFD Non-injected: n=8 versus HFD AAV5-shCyp46al: n=8;
<2000: P-value >0,9999; 2000-4000: P-value =0,2081; 4000-6000: P-value >0,9999; 6000-
8000: P-value =0,6922; 8000-10 000: P-value >0,9999; 10 000-12000: P-value >0,9999] (Figure
23 -E).

Overall, the results suggest that the silencing of the Cyp46a1l gene in the hypothalamus
leads to an increase in the WAT weight and hypertrophy of adipocytes of C57BL/6J wild-type
mice fed with Chow and HFD.

7. Silencing Cyp46al gene in the hypothalamus induces modifications in the protein levels in
WAT of C57BL/6J mice fed with Chow and HFD

Next, the impact of silencing the Cyp46a1 gene was evaluated in the PPAR-y and the
UCP-1 protein levels in WAT (Figure 24 — A /B).

PPAR-y exists in two isoforms, PPAR-y1 and PPAR-y2. PPARy1 is expressed in several
tissues and the expression of PPARy2 is restricted to adipose tissue (WAT and BAT), having a
crucial role in adipogenesis and insulin sensitivity (Maruam et al. 2013). UCP-1 is a transport
protein of the inner mitochondrial membrane of adipocytes and is mainly found in BAT, once
had a crucial role in thermogenesis and energy expenditure (Richard and Picard 2011).
However, in WAT, some adipocytes under specific conditions can express UCP-1 (Poher et al.
2015). In WAT, adipocytes that express UCP-1 are known as beige adipocytes (Shabalina et al.
2013). This increase in UCP-1 expression of white adipocytes can increase the energy

expenditure and therefore protect against obesity (Wu, Cohen, and Spiegelman 2013).
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Figure 23| Silencing Cyp46al gene in the hypothalamus induces hypertrophy of adipocytes of WAT
in C57BL/6J mice fed with a Chow and HFD

The WAT samples were histologically processed and the hematoxylin-eosin (H&E) staining was
performed. A1 and A2) The Chow AAV5-shCyp46al animals showed a strong increase of the
adipocytes size, comparatively to the Chow Non-injected animals. A3 and A4) The HFD AAV5-
shCyp46al animals showed a lightly increase of the size and signs of necrosis in some adipocytes,
comparatively to the HFD Non-injected animals. B) The Chow AAV5-shCyp46al animals presented a
statistically significant increase of adipocytes area comparatively to the Chow Non-injected animals
[Chow Non-injected (1759 * 209,5); n=6 versus Chow AAV5-shCyp46a1 (5901 + 710,9); n=6 — P-value
=0,0002]. C) Analysis of relative frequency of adipocytes area. The Chow AAV5-shCyp46al animals
presented a frequency of adipocytes with areas superiors comparatively to the Chow Non-injected
animals [Chow Non-injected: n=6 versus Chow AAV5-shCyp46al: n=6; <2000: P-value <0,0001; 2000-
4000: P-value =0,0656; 4000-6000: P-value <0,0001; 6000-8000: P-value <0,0001; 8000-10 000: P-
value =0,02412; 10 000-12000: P-value >0,9999]. D) The HFD AAV5-shCyp46al animals, presented a
statistically significant increase of adipocytes area comparatively to the HFD Non-injected animals
[HFD Non-injected (5275 * 453,8); n=8 versus HFD AAV5-shCyp46al (7888 + 909,4); n=8 — P-value
=0,0222]. E) Analysis of relative frequency of adipocytes area. The HFD AAV5-shCyp46al animals did
not presented significant differences in the frequency of adipocytes area, comparatively to the HFD
Non-injected animals [HFD Non-injected: n=8 versus HFD AAV5-shCyp46al: n=8; <2000: P-value
>0,9999; 2000-4000: P-value =0,2081; 4000-6000: P-value >0,9999; 6000-8000: P-value =0,6922; 8000-
10 000: P-value >0,9999; 10 000-12000: P-value >0,9999]. Data were represented as mean * SEM. [P-
value < 0,05 (*), P-value < 0,01 (**), P-value < 0,001 (***), P-value < 0,0001 (****) — unpaired Student’s
t-test: B-C-D-E; Abbreviations: WAT: white adipose tissue; Chow: low fat control diet; HFD: high fat
diet; AAV5: adeno-associated vectors of the serotype 5; sh: short hairpin; SEM: standard error of
mean.

The PPAR-y and the UCP-1 levels in WAT were analyzed by WB (Figure 24 — A). The
optical density of the bands was quantified and then normalized with the optical density of B-
actin bands. The AAV5-shCyp46a1 animals, both in Chow and HFD groups showed a significant
decrease of PPAR-y protein levels comparatively to the Non-injected animals [Chow Non-
injected (0,7095 + 0,06330); n=7 versus Chow AAV5-shCyp46al (0,4267 + 0,1140); n=6 — P-
value =0,0454] (Figure 24 — C) [HFD Non-injected (0,0090 + 0,0028); n=5 versus HFD AAV5-
shCyp46al (0,0020 + 0,0011); n=6 — P-value =0,0325] (Figure 24 - E).

In the WB analysis of UCP-1 the Chow AAV5-shCyp46al animals was showed a
significant decrease of UCP-1 protein levels relatively to the Chow Non-injected animals [Chow
Non-injected (0,5706 + 0,1154); n=7 versus Chow AAV5-shCyp46al (0,1425 + 0,01050); n=5 —
P-value =0,00116] (Figure 24 — D). The HFD AAV5-shCyp46al animals also showed a decrease

in UCP-1 protein levels, however, it was not significant [HFD Non-injected (0,008507 +
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0,002524); n=5 versus HFD AAV5-shCyp46a1 (0,003113 + 0,0006852); n=6 — P-value =0,0513]
(Figure 24 - F).

Altogether, the results suggest that the silencing of the Cyp46al gene in the
hypothalamus leads to a decrease in the PPAR-y and UCP-1 protein levels in the WAT of
C57BL/6J wild-type mice fed with Chow and HFD.

8. Silencing Cyp46al gene in the hypothalamus induces hypertrophy of adipocytes and
modifications in the protein levels in BAT of C57BL/6J mice fed with a Chow and HFD

The BAT samples were histologically processed, and the H&E staining was performed for
posterior acquisition of BAT sections images.

The BAT is composed by brown adipocytes that have several lipid droplets in the
cytoplasm and are enriched with mitochondria, being known to multilocular adipocytes.

The Chow Non-injected animals showed multilocular adipocytes with several small lipid
droplets (Figure 25 — A1). The Chow AAV5-shCyp46al animals showed an increase of lipid
droplets in adipocytes, approaching the morphology of unilocular white adipocytes,
comparatively to the Chow Non-injected animals (Figure 25 — A2). The HFD Non-injected
showed multilocular adipocytes with several big lipid droplets (Figure 25 — A3). The HFD AAV5-
shCyp46al animals showed an increase in lipid droplets and of immune system infiltration
(brown arrows) in adipocytes relatively to the HFD Non-injected animals (Figure 25 — A4).

The silencing Cyp46a1 gene in BAT adipocytes appears to mimic an HFD effect, whereas
in HFD-AAV5-shCyp46a1 animals this silencing appears exacerbate the phenotype of obesity.

Next, the PPAR-y and the UCP-1 levels in BAT were analyzed by WB (Figure 26 — A/B).
The optical density of the bands was quantified and then normalized with the optical density
of B-actin bands. The Chow AAV5-shCyp46al animals did not showed modifications in the
PPAR-y protein levels comparatively to the Chow Non-injected animals [Chow Non-injected
(10,8369 + 0,1614); n=5 versus Chow AAV5-shCyp46al (0,8477 + 0,1073); n=5 — P-value
=0,9569] (Figure 26 — C). Regarding UCP-1, the Chow AAV5-shCyp46al animals did not
presented alterations in the UCP-1 protein levels comparatively to the Chow Non-injected
animals [Chow Non-injected (1,128 + 0,2478); n=6 versus Chow AAV5-shCyp46al (1,391 +
0,3175); n=6 — P-value =0,5276] (Figure 26 — D).

In the HFD-AAVshCyp46al animals it was observed a decrease of PPAR-y protein levels

relatively to the HFD Non-injected animals, although, it was not significant [HFD Non-injected
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Figure 24| Silencing Cyp46a1l gene in the hypothalamus induces modifications in the protein levels
in WAT C57BL/6J mice fed with a Chow and HFD

The impact of silencing the Cyp46al gene was evaluated in the PPAR-y and the UCP-1 protein levels in
the WAT, through WB analysis. A) In both Chow groups, the analysis of PPAR-y revelated the presence
of PPAR-y bands. The analysis of UCP-1 revelated the presence of UCP-1 bands in the Chow Non-
injected animals and in the Chow AAV5-shCyp46al animals, however with low density of bands in the
Chow AAV5-shCyp46al animals. Membranes were probed with anti-B-actin for protein load control
[Chow Non-injected; n=4 versus Chow AAV5-shCyp46al; n=4]. B) The WB analysis of PPAR-y revelated
the presence of PPAR-y bands in the HFD Non-injected animals and in the HFD AAV5-shCyp46al
animals, however with very low density of bands in the HFD AAV5-shCyp46al animals. The analysis of
UCP-1 revelated the presence of UCP-1 bands in the HFD Non-injected animals and in the HFD AAV5-
shCyp46al animals, however with very low density of bands. Membranes were probed with anti-p-
actin for protein load control [HFD Non-injected; n=4 versus HFD AAV5-shCyp46a1; n=4]. C) The optical
density of PPAR-y bands was quantified and then normalized with the optical density of B-actin bands.
The Chow AAV5-shCyp46al animals showed a significant decrease of PPAR-y levels comparatively to
the Chow Non-injected animals. D) The optical density of UCP-1 bands was quantified and then
normalized with the optical density of B-actin bands. The Chow AAV5-shCyp46a1l animals was showed
a significant decrease of UCP-1 levels relatively to the Chow Non-injected animals [Chow Non-injected
(0,5706 + 0,1154); n=7 versus Chow AAV5-shCyp46a1 (0,1425 + 0,01050); n=5 — P-value =0,00116]. E)
The optical density of PPAR-y bands was quantified and then normalized with the optical density of B-
actin bands. The HFD AAV5-shCyp46al animals showed a significant decrease of PPAR-y levels
comparatively to the HFD Non-injected animals [HFD Non-injected (0,0090 + 0,0028); n=5 versus HFD
AAV5-shCyp46al (0,0020 + 0,0011); n=6 — P-value =0,0325]. F) The optical density of UCP-1 bands was
quantified and then normalized with the optical density of B-actin bands. The HFD AAV5-shCyp46al
animals showed a decrease in UCP-1 levels [HFD Non-injected (0,008507 + 0,002524); n=5 versus HFD
AAV5-shCyp46al (0,003113 + 0,0006852); n=6 — P-value =0,0513]. Data were represented as mean
+ SEM. [P-value < 0,05 (*), P-value < 0,01 (**), P-value < 0,001 (***), P-value < 0,0001 (****)] —
unpaired Student’s t-test: C-D-E-F; Abbreviations: a.u: arbitrary units; PPAR-y: peroxisome proliferator
activated receptor y; UCP-1: uncoupling protein 1; AAV5: adeno-associated vectors of the serotype 5;
Chow: low fat control diet; HFD: high fat diet; sh: short hairpin.

(2,111 +£0,5794); n=6 versus HFD AAV5-shCyp46a1 (1,9030 + 0,08483); n=6 — P-value =0,0513]
(Figure 26 — E). The HFD AAV5-shCyp46al animals showed a decrease, however, it was not
significant [HFD Non-injected (1,004 + 0,2899); n=6 versus HFD AAV5-shCyp46al (0,4435 +
0,09882); n=6 — P-value =0,0969] (Figure 26 — F).

Overall, these results suggest that the silencing of the Cyp46al gene in the
hypothalamus leads to hypertrophy of adipocytes and modifications in the PPAR-y and UCP-1
protein levels in the BAT of C57BL/6J wild-type mice fed with Chow and HFD.
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Figure 25| Silencing Cyp46a1 gene in the hypothalamus induces hypertrophy of adipocytes of BAT
in C57BL/6J mice fed with a Chow and HFD

The BAT samples were histologically processed and the H&E staining was performed. A1 and A2) The
Chow AAV5-shCyp46al animals showed a strong increase of lipid droplets size in adipocytes,
approaching the morphology of unilocular white adipocytes, comparatively to the Chow Non-injected
animals, which showed multilocular brown adipocytes with several small lipid droplets. A3 and A4)
The HFD AAV5-shCyp46al animals showed an increase of lipid droplets size and of immune system
infiltration (black arrows) in adipocytes relatively to the HFD Non-injected animals. Abbreviations:
Chow: low fat control diet; HFD: high fat diet; AAV5: adeno-associated vectors of the serotype 5; sh:
short hairpin.

9. Silencing Cyp46al gene in the hypothalamus induces an increased in liver weight and
hepatic steatosis in C57BL/6J mice fed with a Chow and HFD
In the liver, fat accumulation and as consequence fatty liver diseases are strongly
correlated with IR, dyslipidemia and other metabolic abnormalities that composed the MetS
( Marchesini et al. 2005; Kotronen et al. 2007).
The Chow AAV5-shCyp46al animals presented an increase on liver weight

comparatively to the Chow Non-injected animals, however it was not significant [Chow Non-
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injected (1,099 * 0,03700); n=13 versus Chow AAV5-shCyp46al (1,525 + 0,2673); n=11 — P-
value =0,0997] (Figure 27 — A). The HFD AAV5-shCyp46al animals presented a significant
increase in the liver weight comparatively to HFD Non-injected animals [HFD Non-injected
(1,231 +£0,1244); n=10 versus HFD AAV5-shCyp46a1 (1,808 + 0,2810); n=11 — P-value =0,0466]
(Figure 27 — B). Between females and between males, in Chow and HFD animals, the AAV5-
shCyp46al animals showed an increase in liver weight, however it was not significant (Annex
23).

The liver samples were histologically processed, and the H&E staining was performed
for acquisition and analysis of the liver sections images. The Chow Non-injected animals
showed hepatocytes with a single nucleus and binucleate (Figure 27 — C1). The Chow AAV5-
shCyp46al animals showed an increase in lipid droplets in the hepatocytes, designated as
hepatic steatosis: microvesicular steatosis (white arrows), that is characterized by small lipid
droplets in the hepatocytes and macrovesicular steatosis (black arrows), which is
characterized by big lipid droplets, comparatively to the Chow Non-injected animals (Figure
27 — C2). The HFD Non-injected animals In the HFD AAV5-shCyp46al animals it was possible
observed microvesicular steatosis (white arrows), macrovesicular steatosis (black arrows) and
hepatocytes hypertrophy relatively to the HFD Non-injected animals which only showed
microvesicular steatosis (white arrows) (Figure 27 — C1/C2).

Overall, the results suggest that the silencing of Cyp46al gene in the hypothalamus
induces an increase in liver weight and hepatic steatosis in C57BL/6J mice fed with Chow and

HFD.
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Figure 26| Silencing Cyp46a1l gene in the hypothalamus induces modifications in the protein levels
in BAT C57BL/6J mice fed with a Chow and HFD

The impact of silencing the Cyp46al gene was evaluated in the PPAR-y and the UCP-1 protein levels in
the BAT, through WB analysis. A) The analysis of PPAR-y revelated a high density of the PPAR-y bands
in the Chow AAV5-shCyp46al animals comparatively to the Chow Non-injected. The analysis of UCP-1
revelated the presence of UCP-1 bands in both of the Chow groups. Membranes were probed with
anti-B-actin for protein load control [Chow Non-injected; n=4 versus Chow AAV5-shCyp46a1; n=4]. B)
The WB analysis of PPAR-y revelated a low density of the PPAR-y bands in the HFD AAV5-shCyp46al
animals, comparatively to the HFD Non-injected animals. The analysis of UCP-1 revelated the presence
of UCP-1 bands in both of the HFD groups. Membranes were probed with anti-B-actin for protein load
control [HFD Non-injected; n=4 versus HFD AAV5-shCyp46al; n=4]. C) The optical density of PPAR-y
bands was quantified and then normalized with the optical density of B-actin bands. The Chow AAV5-
shCyp46al animals did not showed changes in the PPAR-y levels comparatively to the Chow Non-
injected animals [Chow Non-injected (10,8369 + 0,1614); n=5 versus Chow AAV5-shCyp46a1 (0,8477 +
0,1073); n=5 — P-value =0,9569]. D) The optical density of UCP-1 bands was quantified and then
normalized with the optical density of B-actin bands. The Chow AAV5-shCyp46al animals did not
presented changes in UCP-1 levels relatively to the Chow Non-injected animals [Chow Non-injected
(1,128 + 0,2478); n=6 versus Chow AAV5-shCyp46al (1,391 + 0,3175); n=6 — P-value =0,5276]. E) The
optical density of PPAR-y bands was quantified and then normalized with the optical density of B-actin
bands. The HFD-AAVshCyp46al animals presented a decrease of PPAR-y levels relatively to the HFD
Non-injected animals [HFD Non-injected (2,111 + 0,5794); n=6 versus HFD AAV5-shCyp46a1 (1,9030 +
0,08483); n=6 — P-value =0,0513]. F) The optical density of UCP-1 bands was quantified and then
normalized with the optical density of B-actin bands. The HFD AAV5-shCyp46al animals showed a
decrease in UCP-1 levels [HFD Non-injected (1,004 + 0,2899); n=6 versus HFD AAV5-shCyp46a1 (0,4435
+0,09882); n=6 — P-value =0,0969]. Data were represented as mean + SEM. [P-value < 0,05 (*), P-value
< 0,01 (**), P-value < 0,001 (***), P-value < 0,0001 (****)] — unpaired Student’s t-test: C-D-E-F;
Abbreviations: a.u: arbitrary units; PPAR-y: peroxisome proliferator activated receptor y; UCP-1:
uncoupling protein 1; AAVS5: adeno-associated vectors of the serotype 5; Chow: low fat control diet;
HFD: high fat diet; sh: short hairpin.
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Figure 27| Silencing Cyp46al gene in the hypothalamus induces increases on liver weight and
hepatic steatosis in C57BL/6J mice fed with a Chow and HFD

In the 12" week of the study, the C57BL/6J mice were sacrificed and the liver were collected and
weighted. A) The Chow AAV5-shCyp46al animals presented an increase in the liver weight
comparatively to the Chow Non-injected animals [Chow Non-injected (1,099 + 0,03700); n=13 versus
Chow AAV5-shCyp46al (1,525 + 0,2673); n=11 — P- value =0,0997]. B) The HFD AAV5-shCyp46al
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animals presented an increase in the liver weight comparatively to the HFD Non-injected animals [HFD
Non-injected (1,131 + 0,1244); n=10 versus HFD AAV5-shCyp46a1 (1,808 *+ 0,2810); n=11 — P-value
=0,0466]. C1) Hepatocytes of the Chow Non-injected animals. C2) The Chow AAV5-shCyp46al animals
showed macrovesicular steatosis (black arrows), which is characterized by big lipid droplets in
hepatocytes. C3) The HFD Non-injected animals which showed microvesicular steatosis (white arrows).
C4) The HFD AAV5-shCyp46al animals showed microvesicular steatosis (white arrows), that is
characterized by small lipid droplets, macrovesicular steatosis (black arrows) hepatocytes hypertrophy
and immune system infiltration in hepatocytes. Data were represented as mean + SEM. [P-value < 0,05
(*), P-value < 0,01 (**), P-value < 0,001 (***), P-value < 0,0001 (****)] — unpaired Student’s t-test: A-
B; Abbreviations: Chow: low fat control diet; HFD: high fat diet; AAV5: adeno-associated vectors of
the serotype 5; sh: short hairpin.
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Discussion

Silencing Cyp46al gene in the hypothalamus modifies whole-body energy homeostasis

Cholesterol metabolism is tightly controlled in the brain, through an equilibrium
between cholesterol de novo synthesis and cholesterol efflux (Bjorkhem 2006). In this balance,
cholesterol hydroxylation into 24-OHC through CYP46A1 enzyme action is essential for its
brain excretion. This oxysterol, contrary to cholesterol, has the ability to cross the BBB, thus
contributing to the cholesterol balance (Russell et al. 2009). Most of the cholesterol in the
brain (70%-80%) is in myelin sheaths to insulate axons and to the maintenance of their
morphology and synaptic transmission (Zhang and Liu 2015).

The importance of cholesterol in the brain is highlighted by the fact that dysfunctions in
its metabolism homeostasis are correlated with different neurodegenerative disorders
including AD, PD, HD and SLOS (Vance 2012). In line with this relation, previous studies
documented that the injection of AAV5-shCyp46a1 in the hippocampus of C57BL/6J wild-type
mice results in a decrease of Cyp46al expression, of the Cypd46al enzyme, a consequent
decrease of 24-OHC levels and an increase of cholesterol, which lead to a progressive
apoptotic death (Djelti et al. 2015; Boussicault et al. 2016; Ayciriex et al. 2017). In the context
of metabolic syndrome, it was shown that changes in oxysterol levels were correlated with
obesity (Guillemot-Legris et al. 2016). In the hypothalamus, a study reported a reduction in
oxysterol levels in HFD induced mice and in ob/ob animals (Guillemot-Legris et al. 2016).
Consistently, another study found that C57BL/6J mice submitted to diet-induced obesity
presented changes in tissue oxysterols levels in plasma and in the adipose (Wooten et al.
2014).

The ARC in hypothalamus is located close to median eminence, a circumventricular
region that has fenestrated capillaries, and is composed by populations of first-order neurons
that integrate peripheral signals and posteriorly produce and release neuropeptides and
neurotransmitters for control the whole-body energy homeostasis (Roh and Kim 2016). As the
silencing of Cyp46a1 gene in hippocampus results in cholesterol accumulation in neurons and
subsequently apoptotic death, we hypothesized that the silencing of Cyp46al1 mouse gene in
the ARC, could lead to a reduction of Cyp46al enzymatic activity, a consequent diminution of
24-0OHC levels and an increase of cholesterol accumulation in ARC neurons, namely in the

orexigenic and anorexigenic neurons. As the ARC is implicated in the control of whole-body
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energy metabolism, and oxysterols levels are altered in obesity, we hypothesize that the
silencing of Cyp46a1 gene could lead to an obesity and TIIDM phenotypes.

Dietary fat overconsumption is well known to be a crucial factor in weight gain and
obesity (Swinburn et al. 2004). Consistently, our results show that an HFD leads to an increase
of food intake and total and cumulative BW gain in C57BL/6J wild-type mice.

Previous studies documented that mice fed with HFD show a significant reduction of
POMC mRNA expression (-55%) in the ARC, comparatively to mice fed with Chow (Lin, Storlien,
and Huang 2000). It was also documented that NPY mRNA expression is decrease in the ARC
of mice fed with HFD and that this decrease is probably a counter-regulatory mechanism or a
consequence of the circulating Lep levels increase (Beck 2006).

According to our hypothesis, in the experimental groups where the Cyp46al gene was
silenced, the animals presented significant alterations in whole body metabolism. The Chow
AAV5-shCyp46al animals, presented an increase in the cumulative BW gain accompanied by
an increase in cumulative food and water intake comparatively to the Chow Non-injected
animals, suggesting that the silencing of Cyp46al gene mimics the effects of an HFD. In the
same line, the HFD AAV5-shCyp46al animals, presented an increase in the cumulative BW
gain, however, there was a decrease in the total and cumulative food intake comparatively to
the HFD Non-injected animals, whereas no alterations were found in water intake. These
results suggest that the silencing of Cyp46a1 mouse gene in the ARC could be compromising
the orexigenic and anorexigenic genetic expression, signaling pathways and neuropeptides
secretion. Actually, mutations in the POMC anorexigenic neurons result in severe early-onset
obesity (Krude et al. 1998; Yaswen et al. 1999). Moreover, the ablation of POMC anorexigenic
neurons in mice results in hyperphagia and in body weight gain (Gropp et al. 2005), which is
consistent with the phenotype observed in Chow AAV5-shCyp46al animals. The central
administration or genetic overexpression of AgRP also results in a decrease in the energy
expenditure and in obesity (Graham et al. 1997; Small et al. 2003).

Another hypothesis to explain our data is that the silencing of Cyp46al mouse gene
results in hypothalamic dysfunctions involving defects in insulin and Lep signaling pathways,
which can result in obesity. For example, dysfunctions of IRS-PI3K signaling pathway in the
brain or in the pancreas cause obesity and diabetes (Kdnner and Briining 2012). Lep acts in
the inhibition of AgRP orexigenic neurons, through the LepR, leading to an inhibition of food

consumption. In fact, it was reported that mice lacking LepR on POMC anorexigenic neurons
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presented an increase in BW leading to impaired energy homeostasis (Balthasar et al. 2004).
In the AgRP/NPY orexigenic neurons, the loss of LepR expression results in an obesity
phenotype, including hyperphagia and reduced energy expenditure in mice (Luo et al. 2011).
This hypothesis is consistent with the results observed in the AAV5-shCyp46a1 animals, thus
suggesting that the silencing of Cyp46al mouse gene leads to defects in insulin and Lep
signaling pathways.

Hypothalamic inflammation is correlated with a reduction in POMC and AgRP neurons
responsiveness to insulin and Lep, also contributing to dysfunctions in insulin signaling
pathway and IR (Valdearcos et al. 2015).

The AgRP/NPY orexigenic neurons have the ability to project their axons into other
hypothalamic nuclei, such as PVN, LHA, DMN and VMN, in order to modulate energy
homeostasis and the disruption of these intrahypothalamic connections results in obesity
phenotypes (Choi and Dallman 1999; Waterson and Horvath 2015). Therefore, another
possible hypothesis for explain the phenotypes observed in the AAV5-shCyp46al animals,
could be that AgRP/NPY neurons have their ability to project their axons into other
hypothalamic nuclei compromised.

In the HFD AAV5-shCyp46al animals it was observed a decrease in food intake. These
animals previously presented a compromised metabolic status, as consequence of an HFD for
4 weeks before the stereotaxic injection. In HFD-induced obesity, beyond the hypothalamic
insulin and Lep resistance, the ability of ghrelin to promote food intake in AGRP/NPY neurons
is also impaired (Timper and Briining 2017). This fact could explain why we observed a
decrease in the food intake in the HFD AAV5-shCyp46a1 animals. In fact, despite the possible
impairment in AgGRP/NPY neurons, the ghrelin action on PVN neurons is maintained, resulting
in an increase of adiposity that is independent of food intake (Timper and Briining 2017).
Another possible explanation to this decrease in food intake could be related to the WAT
secretion of Lep, which is proportional to WAT weight (Friedman 2011). It is well known that
obesity and insulin resistance are strongly correlated with alterations in peripheral organs,
namely the adipose tissues (Stienstra et al. 2007). The Chow AAV5-shCyp46a1 animals showed
a significant increase on WAT weight (Chow AAV5-shCyp46al: a mean of 1,7 g of WAT)
accompanied with hypertrophy of adipocytes comparatively to the Non-injected animals,
suggesting that the silencing of Cyp46al gene mimics the effects of an HFD. In the same way,

the HFD AAV5-shCyp46al animals presented an increase in WAT weight (HFD AAV5-
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shCyp46al: a mean of 2,5 g of WAT), accompanied by adipocytes hypertrophy and signals of
necrosis. These signals of necrosis in some adipocytes could be driven by hypertrophy and
accelerated obesity (Sun et al. 2011). In these animals, the amount of WAT, might result in an
increase of Lep secretion, which acts in the hypothalamus leading to an inhibition of AgRP/NPY
neurons and the consequent reduction of food intake observed. Beyond the Lep secretion by
WAT, a possible dysfunction of adipokines production and secretion, such the TNF-a and IL-6,
could result in a chronic low-grade inflammation contributing to the pathogenesis of obesity
(Ouchi et al. 2011).

It was shown that obesity induces the whitening of BAT, which is characterized by the
accumulation of large lipid droplets, mitochondrial dysfunction and loss of vascularity,
approaching the morphology of the unilocular white adipocytes (Shimizu and Walsh 2015).
These phenotypic changes could reduce the BAT function and exacerbate the obesity
phenotype (Bournat and Brown 2010; Shimizu and Walsh 2015). This is consistent with the
results observed in the BAT of the AAV5-shCyp46al animals, which presented an increase of
lipid droplets in adipocytes, comparatively to the Non-injected animal. In the Chow AAV5-
shCyp46al animals the impact of the silencing Cyp46al gene in BAT adipocytes appears to
mimic an HFD effect, whereas in HFD AAV5-shCyp46al animals this silencing appears
exacerbate the phenotype of obesity.

We also studied differences between gender, as there are fundamental aspects of
whole-body energy homeostasis that are regulated differently in males and females (Mauvais-
Jarvis 2015). In fact, the impact of an HFD is more visible in the males mice, which are more
vulnerable than females to the BW gain and metabolic alterations (Hwang et al. 2010;
Ingvorsen, Karp, and Lelliott 2017). Consistently, our results showed that the male mice are
more vulnerable than females to the impact of silencing the Cyp46a1l gene in the BW gain and

to WAT and liver weight gain in both Chow and HFD fed mice.

Silencing Cyp46a1 gene in the hypothalamus induces hyperglycemia and a diminution of insulin
sensitivity in C57BL/6J wild-type mice fed with a Chow and HFD

To understand the mechanisms underlying the obesity phenotype induced by the
silencing the Cyp46al mouse gene in ARC, we analyzed the glucose tolerance and insulin
sensitivity, as obesity is strongly associated with impaired glucose tolerance and insulin

resistance. In fact, dysfunctions in central insulin signaling pathway, especially in the ARC,
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results in a disruption of the whole-body energy homeostasis and as consequence a
dysfunction in the glucose homeostasis and posteriorly obesity (Zhang, Dodd, and Tiganis
2015). In the C57BL/6J mice, an HFD results in increased BW gain, impaired glucose tolerance
and insulin resistance (Winzell and Ahren 2004). Consistently, our results show that an HFD
for 4 weeks, results in a decrease of glucose tolerance in C57BL/6J mice.

The AAV5-shCyp46al animals showed a decrease in glucose tolerance and in insulin
sensitivity comparatively to the Non-injected animals, suggesting that the silencing the
Cyp46al mouse gene in ARC may be resulting in dysfunction in hypothalamic insulin signaling.
Actually, previous studies observed that the insulin-stimulated activation of PI3K in
hypothalamus is decreased in obese rats comparatively to lean rats (Carvalheira et al. 2003).
This impairment of insulin signaling in POMC anorexigenic and AgRP orexigenic neurons may
contribute to hyperphagia and to the progression into obesity (Kdnner and Briining 2012). This
fact could explain the results observed in the AAV5-shCyp46al animals.

However, the peripheric metabolic organs dysfunctions, such as the adipose tissue, the
liver and the pancreas, could be also contributing to the decrease in insulin sensitivity
observed in the AAV5-shCyp46al animals. Another hypothesis that could explain our results
is the suppression of MCR3/4 that could be happen in the hypothalamus, resulting in
hyperinsulinemia, impaired glucose tolerance and obesity (Obici et al. 2001).

Altogether, these data point that in the Chow AAV5-shCyp46al animals, the impact of
the silencing Cyp46a1l gene appears to mimic an HFD effect, whereas in HFD AAV5-shCyp46a1

mice this silencing exacerbate the phenotype of obesity.

Silencing Cyp46al gene in the hypothalamus induces an increase in organs weight,
modifications in lipid content and in the protein levels in adipose tissue

When the storage capacity of the adipose tissue is exceeded, modifications in the
endocrine function occurs, through the increase of adipocytokines secretion, and ectopic fat
accumulation. This accumulation results in lipotoxicity, which acts in promoting low-grade
inflammation and metabolic dysfunctions, such as insulin resistance in several organs (Gross
et al. 2017). The obesity is strongly correlated with lipid accumulation in the liver and present
a risk factor for the development of fatty liver diseases, such as NAFLD (Stienstra et al. 2007).
Nonetheless, impaired oxysterols metabolism was characteristic in the liver affected by NASH

(Raselli et al. 2019). Consistently, our results show that the AAV5-shCyp46al animals
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presented an increase in the liver weight accompanied by lipid accumulation in hepatocytes,
characterized by macrovesicular steatosis, microvesicular steatosis and hepatocytes
hypertrophy, comparatively to the Non-injected animals. These results suggest that the
silencing of Cyp46al mouse gene leads to an increase in liver weight and hepatic steatosis in
the C57BL/6J mice fed with both Chow and HFD, contributing to the metabolic dysfunctions
found in the AAV5-shCyp46a1 animals.

Adipocytes has been recognized by their role in the regulation of energy homeostasis
and body composition (Susan, Castracane, and Christos 2004). The PPAR-y is a transcription
factor that act in the regulation of adipose-specific genes, which play a role in adipogenesis,
energy balance and lipid biosynthesis. In fact, PPAR-y is required for adipocytes differentiation
in vitro and in vivo and it knockout in mice results in a lack of adipose tissue (Barak et al. 1999;
Rosen et al. 1999). However, PPAR-y expression is not strongly modified in obesity (Vidal-Puig
et al. 1996; Stienstra et al. 2007). PPAR-y activation also participates in the regulation of insulin
sensitivity and is involved in the inhibition of proinflammatory cytokines (Janani and Kumari
2015). Actually, agonists of PPAR-y, specifically the thiazolidinediones (TZDs), act in the
activation of PPAR-y, improving the insulin sensitivity and inhibiting inflammatory cytokines
(Jiang, Ting, and Seed 1998; Murphy and Holder 2000).

In the WAT, the AAV5-shCyp46al animals, both in Chow and HFD groups showed a
significant decrease of PPAR-y protein levels comparatively to the Non-injected animals.
Previous studies reported that the lack of PPAR-y in adipose tissues is correlated with the
susceptibility to insulin resistance and lipodystrophy, which is consistent with the decrease of
PPAR-y protein levels and insulin resistance that we observed in the AAV5-sh-Cyp46a1 animals
(He et al. 2003; Corrales, Vidal-Puig, and Medina-Gémez 2018). The PPAR-y activation inhibits
the expression of proinflammatory genes in the macrophages of the adipose tissue (Blaschke
et al. 2006). The decrease of PPAR-y protein levels in the AAV5-shCyp46al may suggest the
possibility of an inflammatory state in the adipose tissue of these animals.

The PPAR-y is also implicated as a regulator of brown adipocytes (Lasar et al. 2018).
Actually, the activation of PPAR-y, through TZD, can modulate UCP-1 expression (Kelly et al.
1998). The Chow AAV5-shCyp46a1l did not show any alterations of the PPAR-y protein levels
in the BAT, comparatively to Chow Non-injected animals. On the other hand, the HFD AAV5-
shCyp46al showed a decrease in PPAR-y protein levels comparatively to the HFD Non-injected

animals.
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It was shown that the PPAR-y ablation in mature white and brown adipocytes result in
a decrease in WAT and BAT weight (Imai et al. 2004). Contrarily, in our results we observed a
reduction of PPAR-y protein levels, hypertrophy of white and brown adipocytes, and an
increase in WAT weight. These observations could result from a compensatory mechanism, or
that some regulators of PPAR-y are also dysregulated, due to the silencing of Cyp46al gene,
which contribute to the reduction of PPAR-y protein levels. For example, PPAR-y and
CCAAT/enhancer-binding protein a (C/EBP-a), a transcription factor in adipogenesis, promote
each other’s expression. In fact, fibroblasts lacking C/EBP-a had deficits in PPAR expression
and in adipogenesis (Rosen et al. 2002).

The UCP-1, is specifically expressed in the inner membrane of mitochondria in WAT and
BAT and has the ability to act in the induction of thermogenesis, thus controlling the energy
expenditure (Kozak 2009). The UCP-1 ablation results in obesity in both Chow and HFD fed,
promoting an increase of BW, and also in WAT weight (Feldmann et al. 2009). Similarly, the
AAV5-shCyp46al animals, both in Chow and HFD groups showed a significant decrease of
UCP-1 protein levels in WAT comparatively to the Non-injected animals, and an increase of
BW gain. In the BAT, UCP-1 ablation results in lipidic accumulation in the adipocytes and a pro-
inflammatory state (Bond, Burhans, and Ntambi 2018). Our results show that the Chow AAV5-
shCyp46al animals did not showed changes in UCP-1 protein levels in BAT comparatively to
the Chow Non-injected animals. However, the HFD-AAVshCyp46al animals showed a
decrease of UCP-1 protein levels in BAT relatively to the HFD Non-injected animals, consistent
with the adipocytes hypertrophy observed and possibly suggesting an inflammatory state in
these animals.

Overall, these results suggest that the silencing of Cyp46al mouse gene leads to
alterations in PPAR-y and UCP-1 protein levels in WAT and BAT, inducing dysfunctions in the
equilibrium between energy consumption and energy expenditure, which is crucial for

maintenance of the whole-body energy homeostasis.

Silencing Cyp46a1l gene in the hypothalamus modify the behavior activity of C57BL/6J mice
The open field behavior test consists in the monitorization of locomotor and anxiety-like

behavior in animal models. The animals were placed in the center zone of the floor of the

open field test box and their movement activity was recorded. Normally, the rodents

spontaneously prefer the periphery zone of the open field box to the middle zone, and this
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preference for the periphery is characterized as an anxiety-like behavior (Prut and Belzung
2003). The rearing was scored when mice raised both of front paws from the floor and leaned
against a wall, being considered an exploratory behavior (Seibenhener and Wooten 2015).
The grooming is an innate behavior that is involved in manutention of hygiene and other
processes physiological (Kalueff et al. 2016).

In day-time period, the AAV5-shCyp46al animals, show a decrease in the number of
entries and time in the middle zone, suggesting an increase of anxiety in these animals,
comparatively to the Non-injected animals. The AAV5-shCyp46al animals, also show a
decrease in the time of rearing, suggesting a decrease in the exploratory behavior and an
increase of anxiety.

The HFD AAV5-shCyp46al animals presented a decrease in the number of grooming’s a
comparatively to the Non-injected groups, also suggesting an increase of anxiety.

In the night-time period, rodents are most active; the Chow AAV5-shCyp46al animals
showed a significant decrease of total distance traveled, in the mean speed, in the number of
crossing lines, in the number of entries in the middle zone and an increase in total time
immobile, suggesting an anxiety/depressive-like behavior in these animals and a reduction in
locomotor activity, may due to the increase of BW weight. In both diet groups, the AAV5-
shCyp46al animals showed a significant decrease in the time of rearing’s comparatively to the
Non-injected control animals. The decreases of rearing and grooming behaviors in the AAV5-
shCyp46al animals, suggests that the silencing of Cyp46a1l gene could influence a decrease of
the exploratory and innate behaviors, resulting in an increase of anxiety.

The phenotype of obesity observed in the Chow AAV5-shCyp46al and HFD AAV5-
shCyp46al animals may contribute to the decrease of total distance traveled, mean speed
and to the increase of total time immobile. In fact, previously, it was reported that mice fed
with an HFD showed an increase in the time immobile, a decrease in the number the entries
and the time spend in the middle zone pointing an anxiety/depressive-like behavior in these
animals (Sharma and Fulton 2013). The decrease of total distance traveled and the increase
of time spend immobile points a reduction in energy expenditure and possibly BW increase.

In the open field behavior test, the activity of the mouse varies by sex and circadian
rhythm (Tatem et al. 2014). In fact, generally in the open field behavior test, the females show
an increase in total distance travel and exploratory behavior comparatively to males (Archer

1975; Lipatova et al. 2018). Actually, sex hormones influence behaviors such
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anxiety/depression and exploration (Carreira, Cossio, and Britton 2017). Our results show that
the impacts of silencing of Cyp46al gene, are more observed in males than females.
Consistently to the impacts of silencing of Cyp46al gene in the BW, which are more
observable in males than females.

These results suggest that the silencing of Cyp46al1 mouse gene modify the behavior of

C57BL/6J mice, increasing the anxiety-like behavior in Chow and HFD.

Overall, the silencing of Cyp46a1l gene result in dysfunctions in whole-body homeostasis
metabolism in C57BL/6J wild-type mice fed with Chow and HFD, including the increase of BW,
dysfunctions of metabolic organs and in exploratory and anxiety-like behavior, indicating the

importance of the cholesterol metabolism in the regulation of whole-body homeostasis.
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Conclusion and future perspectives

The Cyp46al mouse gene, is crucial gene in the brain cholesterol homeostasis, and in
this project, we silenced its expression in the hypothalamus of C57BL/6J wild-type mice, fed
with Chow and HFD, in order to investigate its impact on whole-body metabolism.

The silencing of Cyp46al mouse gene in the ARC of mice fed with Chow, led to an
increase of BW, food and water intake, a reduction of glucose tolerance, of insulin sensitivity
and led to alterations in several metabolic organs. Similarly, the silencing of Cyp46al mouse
gene in animals fed with an HFD, led to an increase of BW, a decrease of food intake, of insulin
sensitivity and to modifications in different metabolic organs. Moreover, the silencing of
Cyp46al mouse gene in the ARC appears to modify the morphology of WAT, BAT and liver in
animals fed with both Chow and HFD, as well as to alterations in the levels of important
proteins in WAT and BAT. Additionally, the silencing of Cyp46al mouse gene leads to
modifications in anxiety-like behavior in the C57BL/6J mice fed with both Chow and HFD.

Altogether, this suggest an important role of the cholesterol metabolism in the brain,
specially of the Cyp46al enzyme in the control of whole-body homeostasis, as the silencing of
Cyp46al gene in ARC led to several metabolic abnormalities.

However, additional studies are needed to continue this project. First, it is essential to
confirm the silencing of Cyp46a1 mouse gene in the hypothalamus, through gene expression
analysis by RT-gPCR. Second, it could be interesting to add a new control to the study, with
the animals being injected with viral vectors encoding for GFP, in order to discard that the
observed effects occurred as a consequence of the stereotaxic injection. Third, it would be
interesting to perform the quantification of cholesterol content and oxysterols content in the
hypothalamus by mass spectrometry. Fourth, an immunohistochemical analysis of the
hypothalamus will be also interesting, namely for neuronal death and neurogenesis markers.
Five, gene expression analysis in the hypothalamus and in other metabolic organs, such as the
adipose tissue, the liver and the pancreas, for different metabolic mediators, by RT-qPCR, will
be also important. For example, we could include the gene expression analysis of POMC/CART,
AgRP/NPY, insulin, Lep and ghrelin receptors, GLUT, up-regulators of PPAR-y, enzymes
associated to lipid metabolism, cytokines, adipokines and other molecular targets. Five, it
would be interesting to perform histological and protein analysis in other metabolic organs,

such as the liver, pancreas, skeletal muscle and spleen, as well as, to continue the protein
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analysis in WAT and BAT. Some experiments may also be repeat to confirm the obtained
results, as the WB in WAT once the protein extraction techniques were distinct among study
groups.

Finally, it would be very interesting to perform the overexpression of Cyp46al in the

ARC to investigate if the results are opposite to the ones that we found in this project.
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Annex 1| Silencing Cyp46al gene in the hypothalamus induces an increase in body weight of
C57BL/6J females mice fed with a Chow

In the 4™ week of the study the stereotaxic injections were performed in C57BL/6J wild-type mice fed
with Chow. The stereotaxic injection was performed in each side of the ARC to deliver the AAV5-
shCyp46a1l. An analysis of the total and cumulative BW gain, food and water intake from the 4" until
the twelfth week of the study was performed between females [Females: Chow Non-injected — (n=4);
Chow AAV5-shCyp46al — (n=4)]. A) The Chow AAV5-shCyp46al animals presented an increase in the
total BW gain comparatively to Chow Non-injected animals [Chow Non-injected (1,650 + 0,4245); n=4
versus Chow AAV5-shCyp46al (7,610 + 2,965); n=4 — P-value =0,0937]. B) The Chow AAV5-shCyp46al
animals exhibited a significant increase of body weight gain relatively to Chow Non-injected animals in
the 6™ and 8" week, after the stereotaxic injection [Chow Non-injected: n=4 versus Chow AAV5-

128



shCyp46al: n=4 — 0: P-value > 0,9999; 3: P-value > 0,9999; 6: P-value =0,0315; 8: P-value =0,0368]. C)
The Chow AAV5-shCyp46a1l animals did not showed alterations in the total food intake comparatively
to Chow Non-injected animals [Chow Non-injected (246,8 + 12,96); n=4 versus Chow AAV5-shCyp46al
(233,1 + 17,37); n=4 — P-value =0,5505]. D) The Chow AAV5-shCyp46al animals did not presented
alterations in cumulative food intake comparatively to the Chow Non-injected animals [Chow Non-
injected: n=4 versus Chow AAV5-shCyp46al: n=4 — 0: P-value >0,9999; 3: P-value >0,9999; 6: P-value
>0,9999; 8: P-value >0,9999]. E) The Chow AAV5-shCyp46al animals did not showed alterations in the
total water intake comparatively to the Chow Non-injected animals [Chow Non-injected (237,5 +
14,81); n=4 versus Chow AAV5-shCyp46a1 (255,0 + 57,32); n=4 — P-value =0,7775]. F) The Chow AAV5-
shCyp46a1 animals did not exhibited alterations in cumulative water intake comparatively to the Non-
injected animals [Chow Non-injected: n=4 versus Chow AAV5-shCyp46al: n=4 — 0: P-value >0,9999; 3:
P-value >0,9999; 6: P-value >0,9999; 8: P-value >0,9999]. Data were represented as mean + SEM. [P-
value < 0,05 (*), P-value < 0,01 (**), P-value < 0,001 (***), P-value < 0,0001 (****)] - unpaired Student’s
t-test: A-E-G; Two-way ANOVA with Bonferroni’s multiple comparisons test: B-F-H. Abbreviations:
AAV5: adeno-associated vectors of the serotype 5; BW: body weight; Chow: low fat control diet; sh:
short hairpin.
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Annex 2| Silencing Cyp46al gene in the hypothalamus induces an increase in body weight of
C57BL/6J males mice fed with a Chow

An analysis of the total and cumulative BW gain, food and water intake from the 4™ until the twelfth
week of the study was performed between males [Males: Chow Non-injected — (n=9); Chow AAV5-
shCyp46al — (n=7)]. A) The Chow AAV5-shCyp46al animals presented a significant increase in the total
BW gain comparatively to Chow Non-injected animals [Chow Non-injected (2,829 + 0,3534); n=9 versus
Chow AAV5-shCyp46al (9,154 + 2,614); n=7 — P-value =0,0297]. B) The Chow AAV5-shCyp46al animals
exhibited a significant increase of body weight gain relatively to Chow Non-injected animals in the 6%
and 8™ week, after the stereotaxic injection [Chow Non-injected: n=9 versus Chow AAV5-shCyp46a1l:
n=7 — 0: P-value > 0,9999; 3: P-value =0,8459; 6: P-value <0,0001; 8: P-value =0,0064]. C) The Chow
AAV5-shCyp46al animals presented a significant increase in the total food intake comparatively to
Chow Non-injected animals [Chow Non-injected (206,5 *+ 13,16); n=9 versus Chow AAV5-shCyp46al
(259,7 + 13,94); n=7 — P-value =0,0156]. D) The Chow AAV5-shCyp46al animals showed a significant
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increase of food intake, in the 6™ and 8" week, comparatively to the Chow Non-injected animals [Chow
Non-injected: n=9 versus Chow AAV5-shCyp46al: n=7 — 0: P-value >0,9999; 3: P-value =0,5206; 6: P-
value <0,0001; 8: P-value <0,0001]. E) The Chow AAV5-shCyp46al animals showed an increase in total
water intake, comparatively to the Chow Non-injected animals [Chow Non-injected (193,3 + 22,03);
n=9 versus Chow AAV5-shCyp46al (265,0 + 36,43); n=7 — P-value =0,0991]. F) The Chow AAVS5-
shCyp46a1 animals showed a significant increase in water intake, in the 8" week, comparatively to the
Chow Non-injected animals [Chow Non-injected: n=9 versus Chow AAV5-shCyp46al: n=7 — 0: P-value
>0,9999; 3: P-value >0,9999; 6: P-value =0,1617; 8: P-value =0,0209]. Data were represented as mean
+ SEM. [P-value < 0,05 (*), P-value < 0,01 (**), P-value < 0,001 (***), P-value < 0,0001 (****)] - unpaired
Student’s t-test: A-E-G; Two-way ANOVA with Bonferroni’s multiple comparisons test: B-F-H.
Abbreviations: AAV5: adeno-associated vectors of the serotype 5; BW: body eight; Chow: low fat
control diet; sh: short hairpin.
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Annex 3| Silencing Cyp46al gene in the hypothalamus induces an increase in body weight of
C57BL/6) females mice fed with an HFD

An analysis of the total and cumulative BW gain, food and water intake from the 4™ until the twelfth
week of the study was performed between females [Females: HFD Non-injected — (n=6); HFD AAV5-
shCyp46al — (n=7)]. A) The HFD AAV5-shCyp46al animals did not presented alterations in the total
BW gain comparatively to HFD Non-injected animals [HFD Non-injected (6,440 + 1,413); n=6 versus
HFD AAV5-shCyp46al (9,561 + 2,865); n=7 — P-value =0,3748]. B) The HFD AAV5-shCyp46al animals
did not showed alterations in cumulative BW gain comparatively to the HFD Non-injected animals [HFD
Non-injected: n=6 versus HFD AAV5-shCyp46al: n=7 — 0: P-value > 0,9999; 3: P-value =0,9998; 6: P-
value =0,9110; 8: P-value =0,5489]. C) The HFD AAV5-shCyp46a1l animals did not presented alterations
in the total food intake comparatively to HFD Non-injected animals [HFD Non-injected (300,9 + 22,72);
n=6 versus HFD AAV5-shCyp46a1 (261,7 + 19,50); n=6 — P-value =0,2198]. D) The HFD AAV5-shCyp46a1
animals did not presented alterations in cumulative food intake comparatively to the HFD Non-injected
animals [HFD Non-injected: n=6 versus HFD AAV5-shCyp46al: n=7 — 0: P-value >0,9999; 3: P-value
>0,9999; 6: P-value >0,9999; 8: P-value =0,2771]. E) The Chow AAV5-shCyp46al did not showed
alterations in the total water intake comparatively to the HFD Non-injected animals [HFD Non-injected
(228,3 £ 8,653); n=6 versus HFD AAV5-shCyp46al (224,3 + 21,84); n=6 — P-value =0,8745]. F) The HFD
AAV5-shCyp46al animals did not exhibited alterations in cumulative water intake comparatively to
the HFD Non-injected animals [HFD Non-injected: n=6 versus HFD AAV5-shCyp46al: n=7 — 0: P-value
>0,9999; 3: P-value >0,9999; 6: P-value >0,9999; 8: P-value >0,9999]. Data were represented as mean
+ SEM. [P-value < 0,05 (*), P-value < 0,01 (**), P-value < 0,001 (***), P-value < 0,0001 (****)] - unpaired
Student’s t-test: A-E-G; Two-way ANOVA with Bonferroni’s multiple comparisons test: B-F-H.
Abbreviations: AAVS5: adeno-associated vectors of the serotype 5; BW: body weight; HFD: high fat
diet; sh: short hairpin.
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Annex 4| Silencing Cyp46al gene in the hypothalamus induces an increase in body weight of
C57BL/6J males mice fed with an HFD

An analysis of the total and cumulative BW gain, food and water intake from the 4™ until the twelfth
week of the study was performed between males [Males: HFD Non-injected — (n=4); HFD AAVS5-
shCyp46al — (n=4)]. A) The HFD AAV5-shCyp46al animals presented an increase in the total BW gain
comparatively to HFD Non-injected animals [HFD Non-injected (7,925 + 0,7522); n=4 versus HFD AAV5-
shCyp46a1 (15,15 + 2,950); n=4 — P-value =0,0503]. B) The HFD AAV5-shCyp46a1l animals presented a
significant increase of BW gain comparatively to the HFD Non-injected animals in the 8" week after
the stereotaxic injection [HFD Non-injected: n=4 versus HFD AAV5-shCyp46al: n=4 — 0: P-value >
0,9999; 3: P-value >0,9999; 6: P-value =0,3988; 8: P-value =0,0276]. C) The HFD AAV5-shCyp46al
animals showed a statistically significant reduction in the total food intake comparatively to HFD Non-
injected animals [HFD Non-injected (253,6 + 5,169); n=4 versus HFD AAV5-shCyp46al (346,0 + 8,349);
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n=4 — P-value <0,0001. D) The HFD AAV5-shCyp46al animals showed a significant reduction of food
intake in the 6™ and 8" week comparatively to the HFD Non-injected animals [HFD Non-injected: n=4
versus HFD AAV5-shCyp46al: n=4 — 0: P-value > 0,9999; 3: P-value =0,0525; 6: P-value =0,0006; 8: P-
value <0,0001]. E) The HFD AAV5-shCyp46al animals did not showed significant changes in total water
intake relatively to the HFD Non-injected animals [HFD Non-injected (167,5 + 4,922); n=4 versus HFD
AAV5-shCyp46al (200,0 + 13,71); n=4 — P-value =0,0671]. F) The HFD AAV5-shCyp46al animals
showed a significant increase in water intake, in the 6" and 8" week, comparatively to the HFD Non-
injected animals [HFD Non-injected: n=4 versus HFD AAV5-shCyp46a1l: n=4 — 0: P-value >0,9999; 3: P-
value >0,9999; 6: P-value =0,0127; 8: P-value =0,0092]. Data were represented as mean * SEM. [P-
value < 0,05 (*), P-value < 0,01 (**), P-value < 0,001 (***), P-value < 0,0001 (****)] - unpaired Student’s
t-test: A-E-G; Two-way ANOVA with Bonferroni’s multiple comparisons test: B-F-H. Abbreviations:
AAV5: adeno-associated vectors of the serotype 5; BW: body weight; HFD: high fat diet; sh: short
hairpin.
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Annex 5| Body weight comparison between C57BL/6J wild-type females and males for each study
group

The analysis of the total BW gain was also performed comparing females and males of the same study
group. A) The Chow Non-injected males did not show significant modifications in the total BW gain
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comparatively to the Chow Non-injected females [Females: Chow Non-injected (1,650 + 0,4245); n=4
versus Males: Chow Non-injected (2,829 *+ 0,3534); n=9 — P-value =0,0774]. B) The Chow AAVS5-
shCyp46a1 males did not showed significant modifications in the total BW gain comparatively to the
Chow AAV5-shCyp46al females [Females: Chow AAVS5-shCyp46al (7,610 + 2,965); n=4 versus Males:
Chow AAV5-shCyp46al (9,154 + 2,614); n=7 — P-value =0,0297]. C) The HFD Non-injected males did
not show significant modifications in the total BW gain comparatively to the HFD Non-injected females
[Females: HFD Non-injected (6,440 + 1,413 ); n=6 versus Males: HFD Non-injected (7,925 + 0,7522);
n=4 — P-value =0,0297]. D) The HFD AAV5-shCyp46al males show an increase in the total BW gain
comparatively to the HFD AAV5-shCyp46al females [Females: HFD AAV5-shCyp46al (9,561 + 2,865);
n=7 versus Males: HFD AAV5-shCyp46al (15,15 = 2,950); n=4 — P-value =0,2387]. Data were
represented as mean = SEM. [P-value < 0,05 (*), P-value < 0,01 (**), P-value < 0,001 (***), P-value <
0,0001 (****)] - unpaired Student’s t-test: A-B-C-D; Abbreviations: AAV5: adeno-associated vectors of
the serotype 5; BW: body weight; Chow: low fat control diet; HFD: high fat diet; sh: short hairpin.
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Annex 6| Silencing Cyp46al gene in the hypothalamus, of C57BL/6J wild-type females and males fed
with Chow and HFD, did not modified the total distance traveled, in the day-time period

The animals were subjected to an open field behavior test in the twelfth week which consisted in
placing the mouse in a wall-closed box and the motor activity was recorded for 10 min in day-time
period. A) Between females, the Chow AAV5-shCyp46a1 animals did not showed significant alterations
in the total distance traveled comparatively to the Chow Non-injected animals. B) Between females,
the HFD AAV5-shCyp46al did not showed significant modifications in the total distance traveled
comparatively to the HFD Non-injected animals. C) Between males, the Chow AAV5-shCyp46al did not
showed significant alterations in the total distance traveled comparatively to the Chow Non-injected
animals. D) Between males, the HFD AAV5-shCyp46al animals presented a decrease in the total
distance traveled comparatively to the HFD Non-injected animals. E) Between females, the Chow
AAV5-shCyp46al animals did not showed significant modifications in the mean speed episodes
comparatively to the Chow Non-injected animals. F) Between females, the HFD AAV5-shCyp46al
animals did not presented significant modifications in the mean speed comparatively to the HFD Non-
injected animals. G) Between males, the Chow AAV5-shCyp46al animals did not presented significant
alterations in the mean speed comparatively to the Chow Non-injected animals. H) Between males,
the HFD AAV5-shCyp46al animals show a significant decrease in the mean speed comparatively to the
HFD Non-injected animals. Data were represented as mean + SEM. [Chow Non-injected: n=13, female:
n=4 and male: n=9; Chow AAV5-shCyp46al: n=11, female: n=4 and male: n=7; HFD Non-injected: n=10,
female: n=6 and male: n=4; HFD AAV5-shCyp46al: n=11, female: n=7 and male: n=4]. [P-value < 0,05
(*), P-value < 0,01 (**), P-value < 0,001 (***), P-value < 0,0001 (****)] — unpaired Student’s t-test: A-
B-C-D-E-F-G-H; Abbreviations: Chow: low fat control diet; HFD: high fat diet; AAV5: adeno-associated
vectors of the serotype 5; sh: short hairpin.
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Annex 7| Silencing Cyp46al gene in the hypothalamus, of C57BL/6J wild-type females and males fed
with Chow and HFD, did not altered the total distance traveled, in the night-time period

The animals were subjected to an open field behavior test in the twelfth week which consisted in
placing the mouse in a wall-closed box and the motor activity was recorded for 5 min in night-time
period. A) Between females, the Chow AAV5-shCyp46al animals did not exhibited significant
modifications in the total distance traveled comparatively to the Chow Non-injected animals. B)
Between females, the HFD AAV5-shCyp46al did not showed significant changes in the total distance
traveled comparatively to the HFD Non-injected animals. C) Between males, the Chow AAVS5-
shCyp46a1l did not showed significant alterations in the total distance traveled comparatively to the
Chow Non-injected animals. D) Between males, the HFD AAV5-shCyp46al animals did not showed
modifications in the total distance traveled comparatively to the HFD Non-injected animals. E)
Between females, the Chow AAV5-shCyp46al animals did not showed significant changes in the mean
speed episodes comparatively to the Chow Non-injected animals. F) Between females, the HFD AAV5-
shCyp46a1 animals did not showed significant modifications in the mean speed comparatively to the
HFD Non-injected animals. G) Between males, the Chow AAV5-shCyp46al animals presented a
significant decrease in the mean speed comparatively to the Chow Non-injected animals. H) Between
males, the HFD AAV5-shCyp46al animals did not presented changes in the mean speed comparatively
to the HFD Non-injected animals. Data were represented as mean + SEM. [Chow Non-injected: n=8,
female: n=2 and male: n=6; Chow AAV5-shCyp46al: n=5, female: n=2 and male: n=3; HFD Non-
injected: n=6, female: n=4 and male: n=2; HFD AAV5-shCyp46a1l: n=5, female: n=3 and male: n=2]. [P-
value < 0,05 (*), P-value < 0,01 (**), P-value < 0,001 (***), P-value < 0,0001 (****)] — unpaired
Student’s t-test: A-B-C-D-E-F-G-H; Abbreviations: Chow: low fat control diet; HFD: high fat diet; AAV5:
adeno-associated vectors of the serotype 5; sh: short hairpin.
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Annex 8| Silencing Cyp46a1 gene in the hypothalamus of C57BL/6J wild-type males fed with HFD
modify the number of immobile episodes and the time spend immobile, in the day-time period

A) Between females, the Chow AAV5-shCyp46al animals did not showed significant alterations in the
number of immobile episodes comparatively to the Chow Non-injected animals. B) Between females,
the HFD AAV5-shCyp46al showed a significant decrease in the number of immobile episodes
comparatively to the HFD Non-injected animals. C) Between males, the Chow AAV5-shCyp46al
showed a decrease in the number of immobile episodes comparatively to the Chow Non-injected
animals. D) Between males, the HFD AAV5-shCyp46al animals did not presented modifications in the
number of immobile episodes comparatively to the HFD Non-injected animals. E) Between females,
the Chow AAV5-shCyp46al animals did not showed significant modifications in the time spend
immobile comparatively to the Chow Non-injected animals. F) Between females, the HFD AAV5-
shCyp46a1 animals did not presented significant changes in the time spend immobile comparatively
to the HFD Non-injected animals. G) Between males, the Chow AAV5-shCyp46al animals presented
an increase in the time spend immobile comparatively to the Chow Non-injected animals. H) Between
males, the HFD AAV5-shCyp46al animals show a significant increase in the time spend immobile
comparatively to the HFD Non-injected animals. Data were represented as mean + SEM [Chow Non-
injected: n=13, female: n=4 and male: n=9; Chow AAV5-shCyp46al: n=11, female: n=4 and male: n=7,;
HFD Non-injected: n=10, female: n=6 and male: n=4; HFD AAV5-shCyp46al: n=11, female: n=7 and
male: n=4]. [P-value < 0,05 (*), P-value < 0,01 (**), P-value < 0,001 (***), P-value < 0,0001 (****)] —
unpaired Student’s t-test: A-B-C-D-E-F-G-H; Abbreviations: Chow: low fat control diet; HFD: high fat
diet; AAV5: adeno-associated vectors of the serotype 5; sh: short hairpin.

141



Time immobile (s) N¢ of immobile episodes N¢ of immobile episodes

Time immobile (s)

301

30+

10+

N? of immobile episodes
S

| Il

0-
Non-injected AAV5-shCyp46al Non-injected AAV5-shCyp46al
Chow D) HFD

30+ 30+
3
©
2

204 ‘a 20+
(V]
Q
o
£

E 10+

10 £ 0
G
ol

0- < o

Non-injected AAV5-shCyp46al Non-injected AAV5-shCyp46al
Chow HFD

F)

300+ 300+
=

2004 o 200+
o)
o
£

100+ "5 1001

| B B

[

0- 0

Non-injected AAV5-shCyp46al Non-injected AAV5-shCyp46al
Chow HFD
H)
* %k
300+ 300+
200+ E 200+
o)
o
€
100+ £ 100
()
£
'_
0+ 0-
Non-injected AAV5-shCyp46al Non-injected AAV5-shCyp46al
Chow HFD

142



Annex 9| Silencing Cyp46al gene in the hypothalamus, of C57BL/6J wild-type males fed with Chow,
decreases the time spend immobile in the night-time period

A) Between females, the Chow AAV5-shCyp46al animals did not showed significant alterations in the
number of immobile episodes comparatively to the Chow Non-injected animals. B) Between females,
the HFD AAV5-shCyp46al did not showed significant changes in the number of immobile episodes
comparatively to the HFD Non-injected animals. C) Between males, the Chow AAV5-shCyp46al did not
presented alterations in the number of immobile episodes comparatively to the Chow Non-injected
animals. D) Between males, the HFD AAV5-shCyp46al animals presented a decrease in the number of
immobile episodes comparatively to the HFD Non-injected animals. E) Between females, the Chow
AAV5-shCyp46al animals did not showed significant modifications in the time spend immobile
comparatively to the Chow Non-injected animals. F) Between females, the HFD AAV5-shCyp46al
animals did not presented significant changes in the time spend immobile comparatively to the HFD
Non-injected animals. G) Between males, the Chow AAV5-shCyp46al animals presented a significant
increase in the time spend immobile comparatively to the Chow Non-injected animals. H) Between
males, the HFD AAV5-shCyp46al animals did not showed modifications in the time spend immobile
comparatively to the HFD Non-injected animals. Data were represented as mean + SEM. [Chow Non-
injected: n=8, female: n=2 and male: n=6; Chow AAV5-shCyp46al: n=5, female: n=2 and male: n=3;
HFD Non-injected: n=6, female: n=4 and male: n=2; HFD AAV5-shCyp46a1l: n=5, female: n=3 and male:
n=2]. [P-value < 0,05 (*), P-value < 0,01 (**), P-value < 0,001 (***), P-value < 0,0001 (****)] — unpaired
Student’s t-test: A-B-C-D-E-F-G-H; Abbreviations: Chow: low fat control diet; HFD: high fat diet; AAV5:
adeno-associated vectors of the serotype 5; sh: short hairpin.
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Annex 10| Silencing Cyp46al gene in the hypothalamus, of C57BL/6J wild-type females and males
fed with Chow and HFD, modify the number of crossing lines and the number of entries in the
middle, in the day-time period

A) Between females, the Chow AAV5-shCyp46al animals did not showed significant alterations in the
number of crossing lines comparatively to the Chow Non-injected animals. B) Between females, the
HFD AAV5-shCyp46al did not showed significant modifications in the number of crossing lines
comparatively to the HFD Non-injected animals. C) Between males, the Chow AAV5-shCyp46al did not
showed alterations in the number of crossing lines comparatively to the Chow Non-injected animals.
D) Between males, the HFD AAV5-shCyp46al animals presented a significant decrease in the number
of crossing lines comparatively to the HFD Non-injected animals. E) Between females, the Chow AAV5-
shCyp46al animals did not showed significant modifications in the number of entries in the middle
comparatively to the Chow Non-injected animals. F) Between females, the HFD AAV5-shCyp46al
animals did not presented changes in the number of entries in the middle comparatively to the HFD
Non-injected animals. G) Between males, the Chow AAV5-shCyp46al animals presented a significant
decrease in the number of entries in the middle comparatively to the Chow Non-injected animals. H)
Between males, the HFD AAV5-shCyp46al animals show a significant decrease in the number of
entries in the middle comparatively to the HFD Non-injected animals. Data were represented as mean
1+ SEM [Chow Non-injected: n=13, female: n=4 and male: n=9; Chow AAV5-shCyp46al: n=11, female:
n=4 and male: n=7; HFD Non-injected: n=10, female: n=6 and male: n=4; HFD AAV5-shCyp46al: n=11,
female: n=7 and male: n=4]. [P-value < 0,05 (*), P-value < 0,01 (**), P-value < 0,001 (***), P-value <
0,0001 (****)] —unpaired Student’s t-test: A-B-C-D-E-F-G-H; Abbreviations: Chow: low fat control diet;
HFD: high fat diet; AAV5: adeno-associated vectors of the serotype 5; sh: short hairpin.
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Annex 11| Silencing Cyp46a1 gene in the hypothalamus, of C57BL/6J wild-type males fed with Chow,
modify the number of crossing lines and the number of entries in the middle, in the night-time period

A) Between females, the Chow AAV5-shCyp46al animals did not showed significant alterations in the
number of crossing lines comparatively to the Chow Non-injected animals. B) Between females, the
HFD AAV5-shCyp46al did not showed significant modifications in the number of crossing lines
comparatively to the HFD Non-injected animals. C) Between males, the Chow AAV5-shCyp46al
showed a significant decrease in the number of crossing lines comparatively to the Chow Non-injected
animals. D) Between males, the HFD AAV5-shCyp46al animals did not showed alterations in the
number of crossing lines comparatively to the HFD Non-injected animals. E) Between females, the
Chow AAV5-shCyp46al animals did not showed significant modifications in the number of entries in
the middle comparatively to the Chow Non-injected animals. F) Between females, the HFD AAV5-
shCyp46a1 animals did not presented alterations in the number of entries in the middle comparatively
to the HFD Non-injected animals. G) Between males, the Chow AAV5-shCyp46al animals presented a
significant decrease in the number of entries in the middle comparatively to the Chow Non-injected
animals. H) Between males, the HFD AAV5-shCyp46al animals did not show modifications in the
number of entries in the middle comparatively to the HFD Non-injected animals. Data were
represented as mean + SEM. [Chow Non-injected: n=8, female: n=2 and male: n=6; Chow AAV5-
shCyp46a1l: n=5, female: n=2 and male: n=3; HFD Non-injected: n=6, female: n=4 and male: n=2; HFD
AAV5-shCyp46al: n=5, female: n=3 and male: n=2]. P-value < 0,05 (*), P-value < 0,01 (**), P-value <
0,001 (***), P-value < 0,0001 (****)] — unpaired Student’s t-test: A-B-C-D-E-F-G-H; Abbreviations:
Chow: low fat control diet; HFD: high fat diet; AAV5: adeno-associated vectors of the serotype 5; sh:
short hairpin.
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Annex 12| Silencing Cyp46a1l gene in the hypothalamus of C57BL/6J wild-type males fed with Chow
and HFD decreases the time spend in the middle, in the day-time period

A) Between females, the Chow AAV5-shCyp46al animals did not showed significant alterations in the
time spend in the middle comparatively to the Chow Non-injected animals. B) Between females, the
HFD AAV5-shCyp46al did not showed significant changes in the time spend in the middle
comparatively to the HFD Non-injected animals. C) Between males, the Chow AAV5-shCyp46al
showed a significant decrease in the time spend in the middle comparatively to the Chow Non-injected
animals. D) Between males, the HFD AAV5-shCyp46a1 animals presented a significant decrease in the
time spend in the middle comparatively to the HFD Non-injected animals. E) Between females, the
Chow AAV5-shCyp46al animals did not showed significant modifications in the number of grooming’s
comparatively to the Chow Non-injected animals. F) Between females, the HFD AAV5-shCyp46al
animals presented a decrease in the number of grooming’s comparatively to the HFD Non-injected
animals. G) Between males, the Chow AAV5-shCyp46al animals did not presented alterations in the
number of grooming’s comparatively to the Chow Non-injected animals. H) Between males, the HFD
AAV5-shCyp46al animals did not showed changes in the number of grooming’s comparatively to the
HFD Non-injected animals. Data were represented as mean + SEM [Chow Non-injected: n=13, female:
n=4 and male: n=9; Chow AAV5-shCyp46al: n=11, female: n=4 and male: n=7; HFD Non-injected: n=10,
female: n=6 and male: n=4; HFD AAV5-shCyp46al: n=11, female: n=7 and male: n=4]. [P-value < 0,05
(*), P-value < 0,01 (**), P-value < 0,001 (***), P-value < 0,0001 (****)] — unpaired Student’s t-test: A-
B-C-D-E-F-G-H; Abbreviations: Chow: low fat control diet; HFD: high fat diet; AAV5: adeno-associated
vectors of the serotype 5; sh: short hairpin.
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Annex 13| Silencing Cyp46al gene in the hypothalamus, of C57BL/6J wild-type males and females
fed with Chow and HFD, increases the time spend in the middle in the night-time period

A) Between females, the Chow AAV5-shCyp46a1l animals showed an increase in the time spend in the
middle comparatively to the Chow Non-injected animals. B) Between females, the HFD AAV5-
shCyp46a1l presented a significant increase in the time spend in the middle comparatively to the HFD
Non-injected animals. C) Between males, the Chow AAV5-shCyp46al showed a significant decrease in
the time spend in the middle comparatively to the Chow Non-injected animals. D) Between males, the
HFD AAV5-shCyp46al animals presented an increase in the time spend in the middle comparatively to
the HFD Non-injected animals. E) Between females, the Chow AAV5-shCyp46al animals did not
showed significant modifications in the number of grooming’s comparatively to the Chow Non-injected
animals. F) Between females, the HFD AAV5-shCyp46al animals did not presented modifications in
the number of grooming’s comparatively to the HFD Non-injected animals. G) Between males, the
Chow AAV5-shCyp46al animals did not presented alterations in the number of grooming’s
comparatively to the Chow Non-injected animals. H) Between males, the HFD AAV5-shCyp46al
animals did not showed changes in the number of grooming’s comparatively to the HFD Non-injected
animals. Data were represented as mean + SEM. [Chow Non-injected: n=8, female: n=2 and male: n=6;
Chow AAV5-shCyp46al: n=5, female: n=2 and male: n=3; HFD Non-injected: n=6, female: n=4 and
male: n=2; HFD AAV5-shCyp46a1l: n=5, female: n=3 and male: n=2]. [P-value < 0,05 (*), P-value < 0,01
(**), P-value < 0,001 (***), P-value < 0,0001 (****)] — unpaired Student’s t-test: A-B-C-D-E-F-G-H;
Abbreviations: Chow: low fat control diet; HFD: high fat diet; AAV5: adeno-associated vectors of the
serotype 5; sh: short hairpin.
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Annex 14| Silencing Cyp46a1 gene in the hypothalamus, of C57BL/6J wild-type males fed with Chow
and HFD, decreases the number of rearing’s in the day-time period

A) Between females, the Chow AAV5-shCyp46al animals show an increase in the time of grooming
comparatively to the Chow Non-injected animals. B) Between females, the HFD AAV5-shCyp46al
presented a decrease in the time of grooming comparatively to the HFD Non-injected animals. C)
Between males, the Chow AAV5-shCyp46al did not showed alterations in the time of grooming
comparatively to the Chow Non-injected animals. D) Between males, the HFD AAV5-shCyp46al
animals did not presented alterations in the time of grooming comparatively to the HFD Non-injected
animals. E) Between females, the Chow AAV5-shCyp46al animals did not showed significant
modifications in the number of rearing’s comparatively to the Chow Non-injected animals. F) Between
females, the HFD AAV5-shCyp46al animals did not presented changes in the number of rearing’s
comparatively to the HFD Non-injected animals. G) Between males, the Chow AAV5-shCyp46al
animals presented a significant decrease in the number of rearing’s comparatively to the Chow Non-
injected animals. H) Between males, the HFD AAV5-shCyp46al animals show a significant decrease in
the number of rearing’s comparatively to the HFD Non-injected animals. Data were represented as
mean + SEM [Chow Non-injected: n=13, female: n=4 and male: n=9; Chow AAV5-shCyp46al: n=11,
female: n=4 and male: n=7; HFD Non-injected: n=10, female: n=6 and male: n=4; HFD AAV5-shCyp46a1:
n=11, female: n=7 and male: n=4]. [P-value < 0,05 (*), P-value < 0,01 (**), P-value < 0,001 (***), P-
value < 0,0001 (****)] — unpaired Student’s t-test: A-B-C-D-E-F-G-H; Abbreviations: Chow: low fat
control diet; HFD: high fat diet; AAV5: adeno-associated vectors of the serotype 5; sh: short hairpin.
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Annex 15| Silencing Cyp46a1 gene in the hypothalamus, of C57BL/6J wild-type males fed with Chow
and HFD, alters time of grooming and the number of rearing’s in the night-time period

A) Between females, the Chow AAV5-shCyp46al animals did not showed alterations in the time of
grooming comparatively to the Chow Non-injected animals. B) Between females, the HFD AAV5-
shCyp46al did not presented alterations in the time of grooming comparatively to the HFD Non-
injected animals. C) Between males, the Chow AAV5-shCyp46al showed an increase in the time of
grooming comparatively to the Chow Non-injected animals. D) Between males, the HFD AAV5-
shCyp46al animals presented an increase in the time of grooming comparatively to the HFD Non-
injected animals. E) Between females, the Chow AAV5-shCyp46al animals did not showed significant
modifications in the number of rearing’s comparatively to the Chow Non-injected animals. F) Between
females, the HFD AAV5-shCyp46al animals did not presented alterations in the number of rearing’s
comparatively to the HFD Non-injected animals. G) Between males, the Chow AAV5-shCyp46al
animals presented a significant decrease in the number of rearing’s comparatively to the Chow Non-
injected animals. H) Between males, the HFD AAV5-shCyp46al animals showed a decrease in the
number of rearing’s comparatively to the HFD Non-injected animals. Data were represented as mean
1 SEM. [Chow Non-injected: n=8, female: n=2 and male: n=6; Chow AAV5-shCyp46al: n=5, female: n=2
and male: n=3; HFD Non-injected: n=6, female: n=4 and male: n=2; HFD AAV5-shCyp46a1l: n=5, female:
n=3 and male: n=2]. [P-value < 0,05 (*), P-value < 0,01 (**), P-value < 0,001 (***), P-value < 0,0001
(****)] — unpaired Student’s t-test: A-B-C-D-E-F-G-H; Abbreviations: Chow: low fat control diet; HFD:
high fat diet; AAV5: adeno-associated vectors of the serotype 5; sh: short hairpin.
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Annex 16| Silencing Cyp46a1 gene in the hypothalamus, of C57BL/6J wild-type males fed with Chow
and HFD, decreases the time of rearing in the day-time period

A) Between females, the Chow AAV5-shCyp46al animals showed a decrease in the time of rearing
comparatively to the Chow Non-injected animals. B) Between females, the HFD AAV5-shCyp46al
animals did not presented modifications in the time of rearing comparatively to the HFD Non-injected
animals. C) Between males, the Chow AAV5-shCyp46a1 animals presented a significant decrease in the
time of rearing comparatively to the Chow Non-injected animals. D) Between males, the HFD AAV5-
shCyp46a1 animals showed a significant decrease in the time of rearing comparatively to the HFD Non-
injected animals. Data were represented as mean + SEM [Chow Non-injected: n=13, female: n=4 and
male: n=9; Chow AAV5-shCyp46al: n=11, female: n=4 and male: n=7; HFD Non-injected: n=10, female:
n=6 and male: n=4; HFD AAV5-shCyp46al: n=11, female: n=7 and male: n=4]. [P-value < 0,05 (*), P-
value < 0,01 (**), P-value < 0,001 (***), P-value < 0,0001 (****)] — unpaired Student’s t-test: A-B-C-D;
Abbreviations: Chow: low fat control diet; HFD: high fat diet; AAV5: adeno-associated vectors of the
serotype 5; sh: short hairpin.
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Annex 17| Silencing Cyp46a1 gene in the hypothalamus, of C57BL/6J wild-type males fed with Chow
and HFD, decreases the time of rearing in the night-time period

A) Between females, the Chow AAV5-shCyp46al animals showed a decrease in the time of rearing
comparatively to the Chow Non-injected animals. B) Between females, the HFD AAV5-shCyp46al
animals presented a decrease in the time of rearing comparatively to the HFD Non-injected animals.
C) Between males, the Chow AAV5-shCyp46al animals presented a significant decrease in the time of
rearing comparatively to the Chow Non-injected animals. D) Between males, the HFD AAV5-shCyp46a1
animals showed a significant decrease in the time of rearing comparatively to the HFD Non-injected
animals. Data were represented as mean + SEM. [Chow Non-injected: n=8, female: n=2 and male: n=6;
Chow AAV5-shCyp46al: n=5, female: n=2 and male: n=3; HFD Non-injected: n=6, female: n=4 and
male: n=2; HFD AAV5-shCyp46a1l: n=5, female: n=3 and male: n=2]. [P-value < 0,05 (*), P-value < 0,01
(**), P-value < 0,001 (***), P-value < 0,0001 (****)] — unpaired Student’s t-test: A-B-C-D;
Abbreviations: Chow: low fat control diet; HFD: high fat diet; AAV5: adeno-associated vectors of the
serotype 5; sh: short hairpin.
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Shows the parameters analyzed in the day-time period for females of each study group with
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6 and male:

13, female: n=4 and male: n
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7; HFD Non-injected: n=

11, female: n=4 and male: n=
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respective mean + SEM and P-value [Chow Non-injected: n

AAV5-shCyp46al: n
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n=4; HFD AAV5-shCyp46al: n=11, female: n=7 and male: n=4]. [P-value < 0,05 (*), P-value < 0,01 (**),
P-value < 0,001 (***), P-value < 0,0001 (****)] — unpaired Student’s t-test; Abbreviations: Chow: low
fat control diet; HFD: high fat diet; AAV5: adeno-associated vectors of the serotype 5; sh: short hairpin;
SEM: standard error of mean; d: statistically significant decrease; d: non-significant decrease; T

statistically significant increase; T non-significant decrease.
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Shows the parameters analyzed in the day-time period for males of each study group with

Annex 19

=9; Chow
6 and male:

13, female: n=4 and male: n

respective mean + SEM and P-value [Chow Non-injected: n

10, female: n

11, female: n=4 and male: n=7; HFD Non-injected: n=

AAV5-shCyp46al: n

160



n=4; HFD AAV5-shCyp46al: n=11, female: n=7 and male: n=4]. [P-value < 0,05 (*), P-value < 0,01 (**),
P-value < 0,001 (***), P-value < 0,0001 (****)] — unpaired Student’s t-test; Abbreviations: Chow: low
fat control diet; HFD: high fat diet; AAV5: adeno-associated vectors of the serotype 5; sh: short hairpin;
SEM: standard error of mean; d: statistically significant decrease; d: non-significant decrease; T

statistically significant increase; T non-significant decrease.
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Annex 20: Shows the parameters analyzed in the night-time period for females of each study group
with respective mean £ SEM and P-value [Chow Non-injected: n=8, female: n=2 and male: n=6; Chow
AAV5-shCyp46al: n=5, female: n=2 and male: n=3; HFD Non-injected: n=6, female: n=4 and male: n=2;
HFD AAV5-shCyp46al: n=5, female: n=3 and male: n=2]. [P-value < 0,05 (*), P-value < 0,01 (**), P-value
< 0,001 (***), P-value < 0,0001 (****)] — unpaired Student’s t-test; Abbreviations: Chow: low fat
control diet; HFD: high fat diet; AAV5: adeno-associated vectors of the serotype 5; sh: short hairpin;
SEM: standard error of mean; d: statistically significant decrease; d: non-significant decrease; T
statistically significant increase; T non-significant decrease.
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Shows the parameters analyzed in the night-time period for males of each study group with

respective mean = SEM and P-value [Chow Non-injected: n=8, female: n
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shCyp46a1l: n=5, female: n=2 and male: n=3; HFD Non-injected: n=6, female: n=4 and male: n=2; HFD
AAV5-shCyp46al: n=5, female: n=3 and male: n=2]. [P-value < 0,05 (*), P-value < 0,01 (**), P-value <
0,001 (***), P-value < 0,0001 (****)] — unpaired Student’s t-test; Abbreviations: Chow: low fat control
diet; HFD: high fat diet; AAV5: adeno-associated vectors of the serotype 5; sh: short hairpin; SEM:
standard error of mean; d: statistically significant decrease; d: non-significant decrease; T

statistically significant increase; T non-significant decrease.

A) B)
4m 4=
—_ 3 — 34
20 Y
= =
.20 o0
Q Q
E 2
|_
< <
= =

Non-injected AAVS5-shCyp46al Non-injected AAV5-shCyp46al
Chow HFD
Q) D)
4- 4
* ¥ *
@ 3 w
x =
= W o
; (]
s 2
2 =
2 S "
0=
Non-injected AAV5-shCyp46a1 Non-injected AAV5-shCyp46al
Chow HFD

Annex 22 | Silencing Cyp46al gene in the hypothalamus induces an increased in WAT weight of
C57BL/6) females and males fed with a Chow and HFD

A) Between females, the Chow AAV5-shCyp46al animals presented an increase in WAT weight,
comparatively to the Chow Non-injected animals [Chow Non-injected (0,4169 * 0,02456); n=4 versus
Chow AAV5-shCyp46a1l (1,317 + 0,4754); n=4 — P-value =0,1077]. B) Between females, the HFD AAV5-
shCyp46al animals presented an increase in WAT weight, relatively to the HFD Non-injected groups
[HFD Non-injected (1,281 + 0,3504); n=6 versus HFD AAV5-shCyp46al (2,166 + 0,5995); n=7 — P-value
=0,2489]. C) Between males, the Chow AAV5-shCyp46al animals presented a significant increase in
WAT weight, comparatively to the Chow Non-injected animals [Chow Non-injected (0,7183 + 0,657);
n=9 versus Chow AAV5-shCyp46a1l (1,907 £+ 0,422); n=7 — P-value =0,0070]. D) Between males, the HFD
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AAV5-shCyp46al animals presented a significant increase in WAT weight, relatively to the HFD Non-
injected animals [HFD Non-injected (2,342 + 0,1250); n=4 versus HFD AAV5-shCyp46al (2,962 +
0,1147); n=4 — P-value =0,0106]. Data were represented as mean * SEM. [P-value < 0,05 (*), P-value <
0,01 (**), P-value < 0,001 (***), P-value < 0,0001 (****)] — unpaired Student’s t-test: A-B-C-D;
Abbreviations: WAT: white adipose tissue; Chow: low fat control diet; HFD: high fat diet; AAV5: adeno-
associated vectors of the serotype 5; sh: short hairpin.
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Annex 23| Silencing Cyp46al gene in the hypothalamus induces an increased in WAT weight of
C57BL/6) females and males fed with a Chow and HFD

A) Between females, the Chow AAV5-shCyp46al animals presented an increase in liver weight,
comparatively to the Chow Non-injected animals [Chow Non-injected (1,050 + 0,04024); n=4 versus
Chow AAV5-shCyp46a1l (1,362 + 0,4042); n=4 — P-value =0,4721]. B) Between females, the HFD AAV5-
shCyp46al animals presented an increase in liver weight, relatively to the HFD Non-injected groups
[HFD Non-injected (0,9113 + 0,1253); n=6 versus HFD AAV5-shCyp46al (1,186 + 0,08125); n=7 — P-
value =0,0961]. C) Between males, the Chow AAV5-shCyp46al animals showed an increase in liver
weight, comparatively to the Chow Non-injected animals [Chow Non-injected (1,120 + 0,05008); n=9
versus Chow AAV5-shCyp46al (1,286 + 0,1913); n=7 — P-value =0,331]. D) Between males, the HFD
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AAV5-shCyp46a1l animals presented an increase in liver weight, comparatively to the HFD Non-injected
animals [HFD Non-injected (1,461 + 0,1280); n=4 versus HFD AAV5-shCyp46a1l (2,631 + 0,5209); n=4 —
P-value =0,0718]. Data were represented as mean = SEM. [P-value < 0,05 (*), P-value < 0,01 (**), P-
value < 0,001 (***), P-value < 0,0001 (****)] — unpaired Student’s t-test: A-B-C-D; Abbreviations:
Chow: low fat control diet; HFD: high fat diet; AAV5: adeno-associated vectors of the serotype 5; sh:
short hairpin.
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