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ABSTRACT 

The high prevalence of metabolic and cognitive disorders represents one of the major issues of 

health systems. Recent findings indicate that obesity may affect brain functions, however the effect 

of a high-fat diet (HFD) on the central nervous system is not fully understood. The aim of this study 

is the evaluation of the influence of HFD on neuroinflammation and regional brain function in a 

mouse model of Insulin Resistance (IR) focusing on sex-dependent differences induced by peripheral 

metabolic impairment. 

C57BL/6J male and female mice were fed with standard chow or HFD (45%/60%) for 35 weeks. 

Animals were monitored weekly for body weight, haemato-chemical analysis (circulating glucose, 

total cholesterol, ALT, and AST), and glucose tolerance test (GTT). Positron Emission Tomography 

(PET) imaging studies were performed longitudinally using [18F]-FDG and [18F]-VC701 as 

radiotracers, to measure respectively glucose consumption and microglia/macrophages activation 

within the brain. Magnetic Resonance Imaging (MRI) and Magnetic Resonance Spectroscopy (MRS) 

was used to measure the effects of diet on hepatic lipid content and peri abdominal fat 

accumulation. Finally, post-mortem transcriptome analysis was applied to the anterior cortex to 

reveal potential modification in gene expression. 

HFD induced a significant increase in body weight, glucose tolerance and haemato-chemical 

parameter in a sex dependent manner. HFD diet increased peri abdominal fat accumulation in male 

and lipid content in the liver as revealed at MR spectroscopy. This last effect was particularly evident 

in females.  PET [18F]-FDG showed a relative increase in glucose metabolism in the anterior region 

of the brain including the olfactory bulbs in both male and female mice while an increase in the 

anterior cortex was found in males mice fed with 60% HFD. Moreover, correlation analysis between 

glucose uptake and different metabolic biomarkers revealed, mainly in male mice, regional brain 

metabolic modifications associated with BMI values and haemato-chemical parameters. [18F]-

VC701-PET showed a general trend toward an increase of tracer uptake all over the brain after diet 

consumption in both male and female HFD mice. Anterior cortex transcriptome analysis showed a 

common de-regulation of genes related to nervous system development but also sex-specific 

modifications. 

Our finding suggests that HFD induced obesity in adult mice causes a general metabolic impairment 

not confined in the periphery but involving also selected brain regions. The increased binding of the 
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activated microglia associated with TSPO radioligand suggests that obesity can induce a diffuse 

neuro-inflammatory reaction in mice's brains. PET imaging technique allowed to identify the 

presence of metabolic derangement and the neuro-inflammatory response of mice brain induced 

by HFD. This finding is relevant since our model reproduces the peripheral metabolic modification 

typical of IR and type 2 diabetes. 
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ABSTRACT (ITALIANO) 

L'elevata prevalenza di disturbi metabolici e cognitivi rappresenta uno dei maggiori problemi della 

salute umana. Recenti scoperte indicano che l'obesità può influenzare le funzioni cerebrali, tuttavia 

l'effetto di una dieta ricca di grassi sul sistema nervoso centrale non è ancora completamente 

compreso. Lo scopo di questo studio è la valutazione dell'influenza della dieta grassa sulla neuro 

infiammazione e sulla funzione cerebrale regionale in un modello murino di insulino-resistenza, con 

particolare attenzione alle differenze dipendenti dal sesso. 

I topi maschi e femmine C57BL/6J sono stati nutriti con dieta standard o dieta grassa (due tenori: 

45% / 60% di grassi) per 35 settimane. Gli animali sono stati monitorati settimanalmente per 

analizzare le variazioni di peso corporeo, analisi ematochimiche (glucosio circolante, colesterolo 

totale, ALT e AST) e test di tolleranza al glucosio. Gli studi di imaging con tomografia a emissione di 

positroni (PET) sono stati eseguiti longitudinalmente utilizzando [18F] -FDG e [18F] -VC701 come 

radio-traccianti, per misurare rispettivamente il consumo di glucosio e l'attivazione di microglia / 

macrofagi all'interno del cervello. La risonanza magnetica (RM) e la spettroscopia a risonanza 

magnetica (SRM) sono state utilizzate per misurare gli effetti della dieta sul contenuto lipidico 

epatico e sull'accumulo di grasso peri addominale. Infine, l'analisi della trascrittomica post-mortem 

è stata applicata alla corteccia anteriore al fine di rivelare potenziali modifiche nell'espressione 

genica. 

La dieta grassa introduce in modo significativo un aumento del peso corporeo, della tolleranza al 

glucosio e dei parametri ematochimici che variano in base al sesso. Anche l'accumulo di grasso peri 

addominale nel maschio e il contenuto di lipidi nel fegato, come rivelato alla spettroscopia RM, sono 

stati osservati in tale modello. Quest'ultimo effetto è stato particolarmente evidente nelle femmine. 

La PET [18F]-FDG ha mostrato un aumento relativo del metabolismo del glucosio nella regione 

anteriore del cervello, inclusi i bulbi olfattivi sia nei topi maschi che in quelli femmine, mentre 

l'aumento osservato nella corteccia anteriore è stato riscontrato solamente nei topi maschi 

alimentati con il 60% di dieta grassa. Inoltre, l'analisi della correlazione tra l'assorbimento del 

glucosio cerebrale e i diversi biomarcatori metabolici ha rivelato, principalmente nei topi maschi, 

modificazioni metaboliche cerebrali regionali associate a valori di BMI e parametri ematochimici. Lo 

studio PET condotto con il tracciante [18F]-VC701 ha mostrato una tendenza generale verso un 

aumento dell'assorbimento del tracciante in tutto il cervello dopo il consumo di dieta grassa nei topi 
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maschi e femmine. L'analisi della trascrittomica nella corteccia anteriore ha mostrato una comune 

de-regolazione dei geni associati allo sviluppo del sistema nervoso, ma anche modificazioni 

specifiche legate al sesso. 

Il nostro studio suggerisce che l'obesità indotta da regime alimentare di dieta grassa nei topi adulti, 

causa un deterioramento metabolico generale non confinato alla periferia ma che coinvolge anche 

regioni cerebrali selezionate. L'aumento del segnale del tracciante per la proteina TSPO suggerisce 

che l'obesità può indurre una reazione neuro-infiammatoria diffusa nel cervello dei topi di entrambi 

i sessi. La tecnica di imaging PET è stata usata per identificare la presenza di squilibrio metabolico e 

risposta neuro-infiammatoria del cervello di topo sotto regime alimentare di dieta grassa. Questo 

dato è rilevante poiché il nostro modello riproduce le alterazioni metaboliche periferiche tipiche 

della sindrome di insulino resistenza e del diabete di tipo 2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



SCUOLA DI DOTTORATO 

UNIVERSITÀ DEGLI STUDI DI MILANO-BICOCCA 

 

 

 

 

Abbreviation 

AD-Alzheimer’s disease 

ADP-Adenosine Diphosphate 

ALT- Alanine Aminotransferase 

AMPK-Adenosine Monophosphate-activated Protein Kinase 

AMY-Amygdala  

AKT-Protein Kinase B 

ANOVA- Analysis of Variance 

ARC-Arcuate Nucleus 

AST- Aspartate Aminotransferase 

ATP-Adenosine Triphosphate 

BBB-Blood Brain Barrier 

BDNF-Brain Derived Neurotrophic Factor 

BMI-Body Mass Index 

BOLD-Blood-Oxygen Level Dependent 

BS-Brainstem 

CD-Cluster of Differentiation 

CG-Cingulate Cortex 

CNS-Central Nervous System 

CRP-C-Reactive Protein 

CRB-Cerebellum 

CTX- Cortex 

CVD-Cardiovascular Disease 

DA-Dopamine 
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DAMP- Damage/Danger Associated Molecular Patterns 

DAVID-Database for Annotation, Visualization, and Integrated Discovery 

DEGs- Differentially Expressed Genes 

dlPFC-dorsolateral Prefrontal Cortex 

DM-Diabetes Mellitus 

DNL-De Novo Lipogenesis 

Era-Estrogen Receptor alpha 

ER-Endoplasmic Reticulum 

FAO-Fatty Acid Oxidation 

FDG-Fluorodeoxyglucose 

FFA-Free Fatty Acid 

fMRI-Functional Magnetic Resonance Imaging 

FS-Fat Suppression 

FTO-Fat mass and obesity associated  

GFAP-Glial Fibrillary Acid Protein 

GLP-1-Glucagon-like peptide 1 

GLUT-Glucose Transporter type 

GO-Gene Ontology 

GWAS- Genome-Wide Association Studies 

HDL-High Density Lipoprotein  

HFD-high fat diet 

HIF-Hypoxia inducible transcription factor 

HIPP-Hippocampus 

HLC-Hepatic Lipid Content 
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HPA axis-Hypothalamic Pituitary Adrenal axis 

H&E-Hematoxylin and Eosin 

HYP-Hypothalamus 

Iba-1-Ionized Calcium-Binding Adapter molecule 1 

IFG-Inferior Frontal Gyrus 

IFN-Interferon 

IGF-1- Insulin Growth-Factor 1 

IKKβ/NF-κB- Inhibitor of κB Kinase β/Nuclear Factor-κB 

IL-1β-Interleukin 1 beta 

IL-6- Interleukin 6 

IL-4-Interleukin 4 

IR-Insulin resistance 

Jnk- c-Jun N-terminal Kinase 

KEEG- Kyoto Encyclopaedia of Genes and Genomes 

LDL-Low Density Lipoprotein 

LPS-Lipopolysaccharide  

MAPK-Mitogen Activated Protein 

MCR-Melanocortin receptor 

MetS- Metabolic Syndrome 

MMe-Metabolic Macrophages 

MRI- Magnetic Resonance Imaging 

MRS-Magnetic Resonance Spectroscopy 

NAc-Nucleus Accumbens 

NAFLD-Non-Alcoholic Fatty Liver Disease 
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NASH-Nonalcoholic Steatohepatitis 

NIRKO-Neuron Specific insulin receptor knockout 

NFS-Non-Fat Suppression 

NGF- Nerve Growth-Factor 

OGTT- Oral Glucose Tolerance Test 

OLF.B-Olfactory Bulb 

OPC-Orbitofrontal Cortex 

PAMP- Pathogen Associated Molecular Patterns 

PCA-Principal Component Analysis 

PCSK1- Prohormone Convertase 1 

PFC-Prefrontal Cortex 

PIK3- Phosphoinositide 3-Kinase 

PET-Positron Emission Tomography 

PM-Perfect Match 

POMC- Proopiomelanocortin 

PUFA-Polyunsaturated Fatty Acid 

RIN-RNA Integrity Number 

RMA-Robust Multichip Analysis 

ROI-Region of Interest 

RT-PCR-Real Time Polymerase Chain Reaction 

SFA-Saturated Fatty Acids 

SNP-Single Nucleotide Polymorphism 

STD-Standard Diet 

STR-Striatum 
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STZ-Streptozotocin 

SUV-Standardized Uptake Value 

TNF-α-Tumor Necrosis factor alpha 

TLR-Toll Like Receptors 

T2D-type 2 Diabetes 

THA-Thalamus 

TREM2- Triggering Receptor Expressed on Myeloid cells 2 

TSPO-Translocator protein 

VEGF- Vascular Endothelial Growth Factor 

VLDL-Very Low-Density Lipoproteins 

VTA-Ventral Tegmental Area 

ZFD-Zucker Diabetic Fatty rats 
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1. INTRODUCTION 

1.1. Obesity and associated metabolic syndrome 

According to the World Health Organization (WHO), obesity represents an emerging and critical 

health and social problem. It is linked with increased morbidity for cardiovascular disease, type 2 

diabetes (T2D), certain forms of cancer and it has been associated with psychiatric and neurological 

disorders. Weight gain is associated with the so-called metabolic syndrome (MetS) characterized by 

Insulin Resistance (IR), hyperglycaemia, hyperinsulinemia, modification of immune cell metabolism 

and low-grade systemic inflammation affecting different organs (Klöting and Blüher, 2014; Cho et 

al., 2018). 

Obesity arises when energy intake, principally stored as triglycerides, exceeds energy expenditure 

and diet, developmental stage, age, physical activity, and genes represent risk factors (Delrue and 

Michaud, 2004).  

WHO criteria for MetS diagnosis required different markers including IR, hyperglycaemia, 

hypertension, high serum triglycerides, reduced serum high-density lipoprotein (HDL) cholesterol or 

microalbuminuria, body-mass index (BMI) and fasting serum insulin (Nilsson et al., 2019). Clinical 

criteria are reported in table 1, according to the US National Heart, Lung and Blood Institute and 

American Heart Association Consensus Statement (Chobanian et al., 2003). Among all components 

associated with MetS, lifestyle including unhealthy high palatable diet and poor physical activity play 

an important role in determining the worsening of the physiological features that leads to obesity 

(Blanquet et al., 2019). 

 

Table 1 Clinical Diagnosis of Metabolic Syndrome 

Risk Factors Defining Level 

Abdominal obesity, given as waist circumference   

o Men >102 cm 

o women >88 cm 

Triglycerides 150 mg/dL 

HDL cholesterol  

o men >40 mg/dL 

o women >50 mg/dL 

Blood pressure 130/85 mm Hg 

Fasting glucose 110 /dL 
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1.2. Pathophysiology of metabolic syndrome 

The exact aetiology of MetS is multifactorial, including inflammation, lipotoxicity, and modified 

metabolism, oxidative and cellular stress. Intra-abdominal fat accumulation associated with 

increase in waist circumference acts as pivotal components in pathology. In fact, excessive fat 

accumulation leads to adipose tissue dysfunction that, in turns, leads to impairments in adipokines 

release and increased free fatty acid (FFA) release (Sherling et al., 2017). 

1.3. Insulin resistance 

MetS is also called insulin resistance syndrome, which has been defined as a defect in insulin actions 

resulting in hyperinsulinemia, characterized by the disturbed maintenance of proper eu-glycaemia 

(Eckel et al., 2005).  

Insulin hormone is secreted by the β cells of the pancreatic islet of Langerhans, and acts via 

glycoprotein receptors located in the main target tissues of the liver, skeletal muscle, and 

adipocytes. Insulin binds to its extracellular insulin receptor, transmitting a signal across the plasma 

membrane and activating the tyrosine kinase domain of the intracellular subunit. Protein kinase B, 

also called AKT is a key downstream effector of this process. It phosphorylates and inactivates 

glycogen synthase kinase 3, allowing glycogen synthesis and finally promoting glucose storage as 

glycogen (Saltiel and Kahn, 2001; Lizcano and Alessi, 2002). 

Insulin-dependent glucose cellular uptake is stimulated by glucose transporter protein type 4 

(GLUT4) migration to the cell surface, in which glucose can be either stored as glycogen or 

metabolized to produce adenosine triphosphate (ATP). GLUT4 is highly expressed in skeletal muscle 

and adipose tissue. Insulin inhibits gluconeogenesis and glycogenolysis and stimulates genetic 

transcription of enzymes involved in glycolytic and fatty acid synthetic pathways (Bryant et al., 

2002). 

Obesity and adipose deposition favour the development of IR, release of FFA and lipotoxicity 

underlying insulin desensitization, systemic inflammation, mitochondrial dysfunction and oxidative 

stress (Sripetchwandee et al., 2018). 

Insulin activity mediates the hepatic gluconeogenesis maintaining normal glucose metabolism. HFD 

promotes insulin resistance and this results in the suppression of liver gluconeogenesis and 

hyperglycaemia (Eckel et al., 2005; Hatting et al., 2018). 
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Several studies suggest that insulin influences not only peripheral organs such as liver, muscle, and 

adipose tissue but also the brain. In the brain, glucose transport depends on GLUT3 highly expressed 

by neurons, and GLUT1 mainly present in glial and endothelial cells. Nevertheless, high levels of 

GLUT4 has been described in the hippocampus where insulin may exert its activity (McEwen and 

Reagan, 2004; McNay and Pearson-Leary, 2020). Moreover, it has been shown that insulin is 

involved in the regulation of feeding behaviour and monitoring energy storage, acting through 

insulin receptors localized on neurons. Indeed, knockout of the neuron specific insulin receptor 

(NIRKO mouse) promotes diet-induced obesity and triggers IR and hypertriglyceridemia (Brüning et 

al., 2000). On the contrary, other studies showed that insulin modulates cognitive functions in the 

hippocampal region, reward and in general memory functions. For this reason, insulin nasal delivery 

is currently used in clinical trials as potential therapy for early Alzheimer’s disease (AD) (Craft et al., 

2012). Moreover, Glucagon-like peptide 1 (GLP-1) an Incretin hormone, which acts as a glucose 

metabolism controller has been shown to alleviate learning and memory deficit in AD and improve 

motor and cognitive function in Parkinson’s disease. Its neuroprotective effect is probably related 

to the glucose metabolism and insulin sensitivity (Bae and Song, 2017; Kim et al., 2017). 

1.4. Adipose tissue dysfunctions and systemic inflammation 

Adipose tissue is specialized in storage of lipid droplets mainly as triacylglycerols that are released 

as fatty acids and glycerol in case of lipolysis. Adipocytes are also involved in the synthesis of fatty 

acid from the excessive circulating glucose mechanism called de novo lipogenesis (DNL). 

Enragement of lipid droplet occurs upon excessive availability of nutrients resulting in larger fat 

depots and body weight gain (Vegiopoulos et al., 2017). 

Two main mechanism arises in the expansion of adipose tissue: hypertrophy, which is the increase 

in size of pre-existing adipocyte and hyperplasia, a new adipocyte formation derived from the 

differentiation of resident precursors preadipocytes cells and contribute to adipose tissue expansion 

(Ghaben and Scherer, 2019). Dysfunctional adipocyte fails to respond to the extracellular signals, 

like insulin which provides differentiation signal to preadipocytes maturation, and acquire a pro-

inflammatory phenotype leading to fibrosis and necrosis enhancing inflammatory response and 

macrophages infiltrations (Melo et al., 2019). Chronic, low-grade inflammation is one of the 

hallmarks of diet induced MetS. Preadipocytes adopt a macrophage-like inflammatory phenotype 

with increased expression of proinflammatory cytokines and decreased adipogenic capacity in 
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response to inflammatory stimuli (Isakson et al., 2009). In addition, immune cells play an important 

role in phenotypic alterations in obesity. In lean insulin-sensitive adipose tissue, anti-inflammatory 

regulatory T-cells and M2 alternatively activated macrophages contribute to tissue repair processes 

and resolution of inflammation. Contrary, adipose tissue expansion is associated with a decrease in 

CD4+ helper and T-cells, infiltration of CD8+ cytotoxic T-cells and macrophage polarization towards 

an M1-proinflammatory phenotype. The production of mediators such as tumor necrosis factor 

(TNF)-α, interleukin (IL)-6 lead to insulin resistance and MetS. Moreover, hypoxia facilitate the 

proinflammatory responses of obese adipose tissue leading to the activation of hypoxia-inducible 

transcription factors (HIF)-1, which in turn trigger the expression of key angiogenic factors vascular 

endothelial growth factor (VEGF) contributing further to angiogenesis and adipocyte pathological 

state (Ouchi et al., 2011; Cildir et al., 2013; Briançon-Marjollet et al., 2014). Inflammatory and 

deleterious mechanisms of dysfunctional adipose tissue is shown in figure 1.  

 

Figure 1 

 

Figure 1 Inflammatory mechanism occurring during metabolic syndrome. Adapted from (Ryan et al., 2019) 
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1.5. High fat diet and free fatty acid 

Obesity is driven by an unpaired balance between energy intake and consumption. Modification in 

macronutrients composition of the food contributes to developing MetS. Indeed, HFDs, high sugar 

and processed food are responsible for the development of obesity that favour MetS and T2D (van 

Dam and Seidell, 2007). As stated before, increased FFA and proinflammatory factors promote IR, 

reduce glucose uptake in peripheral tissue thanks to a deregulation of glucose homeostasis and 

decrease of GLUT4 translocation to plasma membrane, typical of obesity (Greenberg and Obin, 

2006). In recently published preclinical data, researchers found that excessive fat content 

represents the only responsible factor involved in increased energy intake and adiposity, after 

comparing 29 types of diet in different mouse strains (Hu et al., 2018). FFA includes mono-, poly-, 

unsaturated and saturated subtypes of fatty acid that differ for length chain or presence/number of 

double bonds. Diets enriched with saturated fatty acids (SFAs) lead to a greater accumulation of fat 

and lower satiety in comparison with diets enriched in polyunsaturated fatty acids (PUFAs). 

Moreover, higher levels of circulating SFA increase inflammatory gene expression in adipose tissue 

reducing insulin sensitivity and increasing in triglyceride content (Rosqvist et al., 2014).  

Literature evidence suggests that modern Western diet which is characterized by reduced intake of 

n-3 PUFA, high saturated FAs and n-6 PUFA consumption, may contribute to mechanism linking diet 

and mental health (O’Neil et al., 2014). HFD and sedentary lifestyle represents an important AD risk 

factor, due to its association with high FFAs plasma level, IR and chronic low-grade inflammation 

which is common in neurodegenerative diseases. In fact, AD and risk to develop dementia or 

impaired cognitive function has been linked to the higher body SFAs level and cholesterol intake 

sustained with low level of PUFAs (De Felice, 2013). Furthermore, it has been shown that cognitive 

functions outcomes are improved in aged populations that follow diet regimen enriched with PUFAs 

(Ortega et al., 1997; Barberger-Gateau et al., 2011). In figure 2 is reported the % change in total 

mortality in relation with increase in different types of FFA. 
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Figure 2 

 

Figure 2 Change in total mortality (%) in relation to increased intake of different types of free fatty acid. Data are 

based on 126,233 men and women followed for up to 32 years, as described in (Wang et al., 2016).  

 

In the case of a “low carbohydrate and high fat diet” total energy is reduced for carbohydrate and 

increased for fat (≥40% of energy). This regimen reached in fat induce typical MetS characteristics 

including IR and risk to develop T2D.  As consequence, postprandial glucose blood concentration 

and insulin increase, glucagon secretion decreases, and metabolism did not shift on fat oxidation, 

whit final outcomes of increasing oxidative stress and inflammatory response, while low-fat diets 

may favourably influence body weight, adiposity, and glycaemic homeostasis (Cahill, 2006; Newman 

and Verdin, 2017). Central adiposity, high circulating concentrations of triglycerides, low levels of 

HDL cholesterol, high blood pressure, glucose intolerance, fatty and chronic inflammation comprises 

a constellation of clinical risk factors associated with insulin resistance that predispose to diabetes 

and cardiovascular diseases (Lee and Sanders, 2012).  

It should be mentioned that, not all diets or caloric sources have similar metabolic effects on 

different populations. From literature, no evidence reported the best specific carbohydrate-to-fat 

ratio. However, attention to diet quality in terms of processed food, reduction of sugar and fat 

excess and refined grains could help to prevent MetS (Gardner et al., 2018). 
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1.6. How does metabolic syndrome affect the human body? 

1.6.1. Liver disease 

Particularly critical organ which is strongly associated with the various feature of MetS involve liver, 

as it regulates body metabolism, orchestrates the synthesis of new fatty acids, export them with 

subsequent redistribution to other tissues, as well as their utilization as energy substrates in which 

lipids play a major role in hepatic insulin resistance and hyperglycaemia (Perry et al., 2014). The 

most common liver disease in Western countries include non-alcoholic fatty liver disease (NAFLD), 

a hepatic manifestation of MetS, frequently associated with obesity, dyslipidaemia, IR and T2D. It is 

the major chronic liver diseases, with a prevalence of 30% in the general population, 42-70% in 

diabetic patients and 80% amongst obese people (Van Herck et al., 2017; Weinstein et al., 2018). 

NAFLD hallmarks include hepatic steatosis, inflammation, hepatocyte damage and fibrosis 

demonstrating the potential progressive nature of the pathology. In fact, such disease also included 

non-alcoholic steatohepatitis (NASH) in which hepatocyte results damaged with higher presence of 

fibrosis as extracellular matrix deposits. Moreover, fibrosis predicts the outcomes of liver-related 

mortality depending on its stage (Tsochatzis et al., 2009). The dysfunction of one or more liver 

physiological pathways may contribute to the retention of fat within the liver parenchyma and 

develop NAFLD. Hepatic fat accumulation is caused by an imbalance between lipid acquisition and 

disposal controlled through different pathways including uptake of circulating lipids, DNL, fatty acid 

oxidation (FAO), and export of lipids in very low-density lipoproteins (VLDL) (Ipsen et al., 2018).  

The gold standard of the disease diagnosis is represented by liver biopsy, which can define NAFLD, 

even though it is an invasive and expensive procedure. Nowadays, new non-invasive screening tools 

have been proposed and relevance is attributable to multi-echo magnetic resonance (MR) imaging, 

which measures the amount of liver mobile proton density, due to fat deposition. It represents, 

together with MR spectroscopy, the most promising and sensitive non-invasive technique to assess 

liver fat accumulation in patients at risk of developing NAFLD pathology (Mancini et al., 2018). 
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Figure 3 

 

Figure 3 Metabolic syndrome affecting the liver. The influences of fat accumulation, adipose tissue inflammation, type 

2 diabetes, and diet to promote the development of progressive liver disease in NAFLD.  Adapted from (Byrne and 

Targher, 2015). 

1.6.2. Cardiovascular disease 

Heart and related cardiovascular diseases (CVD) are highly associated with obesity, as the major risk 

to develop hypertension, heart failure and coronary heart disease (Kachur et al., 2017).  

As stated before, adipose tissue plays a substantial role in the pathogenesis and complication of 

obesity, in which adipocytes act as endocrine organs increasing leptin level, hormone that controls 

food intake and energy expenditure. Moreover, C-reactive protein (CRP) is associated with leptin 

resistance with the results of increased appetite and energy metabolism. Additionally, an increase 

in inflammatory response occurred in association with IR, obesity, and CVD (Enriori et al., 2006; 

Lavie et al., 2008; Litwin, 2008). Pathophysiology of CVD induced under obese condition is due to 

the increases in total blood volume and cardiac output with a consequence of higher arterial 

pressure (Messerli et al., 1982). BMI, as MetS hallmark, is also associated with the risk of CVD 

development such as angina, myocardial infarction, heart failure and death (Petrie et al., 2018). In 

addition, IR plays a role in endothelial dysfunction, in which phosphoinositide 3-kinase (PI3K) 

pathways activated by insulin promote the nitric oxide production, which induces vasodilatation and 

has anti-proliferative effect on vascular smooth muscle cells. On the other hand, insulin also 

activates Ras-mitogen activated protein kinase (MAPK) pathways, promoting vasoconstriction and 

proliferation of vascular smooth muscle cells. In IR condition, this PI3K pathway results impaired and 
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the imbalance of the signalling of these pathways leads to endothelial dysfunction, a key factor of 

the pathogenesis of CDV (Schulman and Zhou, 2009). 

1.6.3. Central Nervous System and neuroinflammatory responses 

MetS is characterized by presence of multiple morbidities and multi-organ damages. As previously 

stated, accumulating evidence links obesity to the central nervous system (CNS) dysfunctions 

favouring neurological disorders other than CVD. Obesity-driven dysfunction is associated with 

visceral adiposity, excessive dietary fat consumption and modified hypothalamic control of energy 

homeostasis (O’Brien et al., 2017). In fact, hypothalamic inflammation denotes an early CNS 

response to the high level of FFA concentration with microgliosis and astrocytosis and damage of 

myelin integrity microstructure. Microglial cells have been proposed as sensor cells of the diet that 

induce hypothalamic inflammation. Its toll like receptor 4 (TLR4) recognize long-chain fatty acid and 

promote cytokines production such as TNF-α, interleukin 1β (IL1-β), and IL-6, stress pathways 

endoplasmic reticulum (ER) activation, and subsequent activation of the c-Jun N-terminal kinase 

(Jnk) and inhibitor of κB kinase β/nuclear factor-κB (IKKβ/NF-κB). This results in activation of pro-

inflammatory pathways followed by hypothalamic gliosis which could compromise the neural 

circuitry governing satiety control (De Souza et al., 2005; Milanski et al., 2009). Neuroinflammatory 

responses on hypothalamic arcuate nucleus level is described in the figure 4. ER and oxidative stress 

are induced by multiple intracellular responses subsequently induced by overnutrition, which 

increase mitochondrial respiration, leading to elevated cytosolic protein synthesis and unfolded 

protein response. In addition, this persistent ER stress results in proinflammatory activation of NF- 

κB and JNK signalling (Hotamisligil, 2010). 
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Figure 4 

 

Figure 4 Neuroinflammatory responses on hypothalamic arcuate nucleus.  Glial cells in the hypothalamus act together 

to induce hypothalamic inflammation and metabolic dysregulation in the pathophysiology of obesity and diabetes. BBB, 

blood–brain barrier; GLUT1/2, glucose transporter 1/2; IL-1β, interleukin-1β; IL-6, interleukin 6; ILR, interleukin 

receptor; IR, insulin receptor; MAPK, mitogen-activated protein kinase; NF-κB, nuclear factor-kappa B; ObRb, leptin 

receptor b; ROS, reactive oxygen species; SFA, saturated fatty acid; TLR2/4, toll-like receptor 2/4; TNFR, tumor necrosis 

factor receptor; TNF-α, tumor necrosis factor-α Adapted from (Rahman et al., 2018). 

 

Under HFD, Blood Brain barrier (BBB) increased its permeability, due to a reactive glial cytokines 

production and circulating adipokines that leads to hippocampal injury. From the HFD regimen, FFA 

and triglycerides are also responsible for the hippocampal damage and impaired functions. Indeed, 

increased BBB permeability allows proinflammatory factors to reach the hippocampal region and 

initiate a vicious circle of neuroinflammation, promoting subsequent neurodegeneration (Lindqvist 

et al., 2006). In fact, unrestricted entry of chemokines, cytokines, FFA, triglyceride and immune cells 

potentiate hippocampal damage and atrophy, finally leading to cognitive dysfunction. Moreover, 

several studies reported modification in grey matter volume and cortical thickness in obese 

population (Buckman et al., 2014; Nota et al., 2020). 

HFD accompanied by FFA entry into the brain, provokes important effects on brain myeloid cells, 

resulting in drastic metabolic consequences, in which microglial cells play a pivotal role. Microglia, 

a specialized macrophages-like cell in the CNS derived from yolk sac, are considered immune cells 

with important inflammatory response. This glial cell is also vital for the proper shaping of the brain, 

homeostasis surveillance and function as a neuroprotective component of the innate immune 
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response (Bachiller et al., 2018). In vitro studies, utilizing palmitate as a stimulus, have been used 

for the elucidation of the molecular pathways involved in the microglial response to HFD, as long 

chain SFA are involved in HFD induced hypothalamic inflammation which involve canonical and non-

canonical mechanism. As stated before, TLRs is the largely immune signalling response as pattern 

recognition receptors which activates pro-inflammatory transcription upon recognition of specific 

pathogen- and damage/danger- associated molecular patterns (PAMPs; DAMPs), even if SFA are not 

considered as PAMPs or DAMPs (Takeuchi and Akira, 2010). Indeed, it has been shown that SFAs 

treatment in vitro induce the NLRP3-inflammasome activation and TLR4 activity triggering immune 

cell activation (Lee et al., 2001; Huang et al., 2012). 

Lipid metabolism may play a central role in macrophages phenotype and its function in obesity, 

especially for the data related to immunometabolism. In fact, macrophages acquire a specific 

phenotype that is remarkably different from the classical pro-inflammatory M1 phenotype 

(stimulated by lipopolysaccharide (LPS)) or the anti-inflammatory M2 phenotype (activated by 

interleukin IL-4). SFA, insulin or glucose stimulation of macrophages lead to so-called “metabolic 

macrophages” (MMe), a specific phenotype associated with the cytokines production but with 

different sets of surface molecules. Lipid metabolism programs seem to play an essential role in 

determining the macrophages polarization and activation for the MMe. It has been observed that 

SFA are essential agent of MMe activation upon production of IL-1β cytokines, whose expression 

surface markers has been isolated from MMe obese mice (Kratz et al., 2014). From the mechanistic 

point of view, SFA inserts into phospholipid layer after internalization accompanied by changes in 

the membrane saturation degree that result in altered lipid composition leading to ER stress with 

final IL-1β production (Robblee et al., 2016). 

1.6.4. Obesity affect cognitive functions 

Synaptic plasticity is one of the key brain functions that results impaired in obesity. IR accompanied 

by the inflammatory state is associated with the increased risk of cognitive decline, impaired spatial 

learning, and mood disorder, increasing signs of depression and anxiety-like behaviour in which 

specific brain region has a role in performing specific cognitive tasks (Whitmer et al., 2008; McNay 

et al., 2010). Literature showed that the brain could be susceptible to chronic inflammation under 

consumption in HFD regimen leading to changes in neuronal connectivity with consequent cognitive 

alterations (Vinuesa et al., 2019). Moreover, different preclinical studies reported impaired and 
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reduced learning and memory functions in rodents under HFD (Tan and Norhaizan, 2019). Other 

studies demonstrate that HFD mice treated only for one day showed rapid reduction in episodic 

memory tasks, demonstrating cognitive dysfunction as an early event (McLean et al., 2018). IR 

seems to be the effector of HFD-induced cognitive decline. In fact, animals study reported altered 

lipid composition and energy metabolism due to the hypercaloric diet which leads to elevation in 

fasting glucose, impaired spatial learning ability and synaptic plasticity (Stranahan et al., 2008). 

Similar results were also observed in human study in which Western diets, enriched with refined 

sugar and saturated fatty acid, induced memory impairment in healthy subjects (Jena et al., 2018). 

Again, cognitive decline seems to be an early event upon HFD regimen. Holloway and colleagues 

demonstrate that 7 days upon HFD reduced attention and reaction time in sedentary adult males 

(Holloway et al., 2011). Mittal et al., reported poor cognitive performance caused by high 

triglyceride level and Okereke et al., found that increased uptake of SFA lead to impaired prospective 

memory, cognitive function including memory speed and flexibility in young adults (Okereke et al., 

2012; Mittal and Katare, 2016). Other important brain functions impaired by the HFD regimen regard 

the regulation of energy homeostasis, energy expenditure and food intake. These functions are 

regulated by hypothalamic region, especially in appetite and satiety signalling although other brain 

regions are involved. The hypothalamus is responsible for plenty of physiological functions, 

including water balance, metabolism and feeding, in the memory aspects of cognition, learning, and 

attention (Najam et al., 2019). Once again, microglial activation is widely described, and it is induced 

by the elevated presence of SFA leading to alterations in hypothalamic neurons, at the earliest stage 

of obesity. In figure 5 is reported the comparison of glial fibrillary acid protein (GFAP-astrocyte 

activation)/ionized calcium-binding adapter molecule 1 (IBA-1-microgliosis) staining between 

normal diet (Chow) and HFD in male rodents fed for 7 days. It is well noticeable the greater amount 

of activated glial cells that reflect neuroinflammation into the hypothalamic region (Thaler et al., 

2012).  
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Figure 5 

 

Figure 5 Hypothalamic inflammation in HFD in male rodents. Inflammatory activation of surrounding astrocytes 

(GFAP) and microglia (IBA-1). Adopted from (Thaler et al., 2012) 

 

As for hypothalamus, also other brain regions such as the hippocampus, prefrontal cortex, limbic 

system could be subject to inflammatory pathways that could further conduct to cognitive deficit, 

due to continued metabolic disturbances. It should also be considered a brain mechanism of 

hedonic control of appetite and food intake which is related to the cognitive, reward and emotional 

factors. Cortico-limbic brain regions including the nucleus accumbens, striatal caudate nucleus, 

hippocampus, amygdala and orbitofrontal cortex are key components of the hedonic pathway 

involved in the food consumption (Lee and Dixon, 2017). 

Brain functions are influenced also by the effect of HFD on gut microbiota. New evidence has linked 

HFD with alteration in the intestinal microbiota and in the regulation of the gut-brain axis, that may 

influence the mood and cognitive function associated with obesity (Portune et al., 2016). In brief, 

the gut-brain axis is characterized by a complex bidirectional communication system between the 

gut and the brain, mediated by immunological, hormonal, and neural signals. The system is 

composed by the autonomous and enteric nervous system that connects the gut to the brain via 

vagal and spinal fibres in which hypothalamic pituitary adrenal (HPA)-axis, immune system and 

neurotransmission play important roles. Moreover, HPA-axis is part of the limbic system that 

regulates stress response, immune function, emotion and mood (Tsigos and Chrousos, 2002; Foster 

et al., 2017). Gut infection can affect CNS leading to anxiety like behaviour in mice as demonstrated 
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by studies with LPS. It is known that chronic infection with Trichuris muris, decreased brain-derived 

neurotrophic factor (BDNF) expression in the hippocampus, accompanied by a mild increase of TNF-

α and interferon (IFN) as well as kynurenine in plasma, leading to anxiety (Bercik et al., 2010). Stress 

is also prevailing in obese subject, as literature showed that there is positive association between 

stress, weight gain and adiposity, especially in individuals with higher value of BMI thus reinforcing 

modification of eating behaviour (Torres and Nowson, 2007). In figure 6 is reported the gut-brain 

axis mechanism that is linked to cognitive and mood dysfunction in an obesity state. 

Summarizing, intestinal microbiota alteration within all the bidirectional communication involved 

may contribute to rise in neuroinflammation and dysregulation of CNS system and homeostasis, 

finally influencing mental impairment and cognitive dysfunction (Agustí et al., 2018). 

 

Figure 6 

 

Figure 6 Neurological consequences of obesity Increased caloric intake and decreased energy expenditure result in a 

net energy overload, leading to adipose tissue expansion (hyperplasia and hypertrophy). Sustained caloric excess in 

visceral adipose tissue activates resident macrophages, contributing to adipose tissue dysfunction and metabolic 

inflammation. From (Agustí et al., 2018) 
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1.7. Neuroimaging approach to study brain metabolism 

Obesity and MetS are associated with brain damage, thereby, over the last decades, brain functional 

imaging techniques have been widely used to investigate neural mechanisms underlying 

behavioural and cognitive processes in such pathologies. The two main techniques used include MRI 

and PET imaging (Guzzardi and Iozzo, 2019). 

The application of a magnetic field is on the base of canonical MRI sequences, in which 

radiofrequency pulse results in the alignment of nuclear spins (hydrogen nuclei in water) in the 

human body tissue under examination. Spins then return in the original orientation, generate a 

signal that is detected by a coil placed around the tissue of interest, and produce a final image, 

depending on the spin time relaxation. Using tissue water protons, MRI can produce high-resolution 

images of tissue anatomy and metabolic information can be obtained to visualize changes in 

perfusion or in blood oxygenation, for example in the brain (Raichle, 2001). In fact, functional MRI 

(fMRI) is an indirect measure of brain activity obtained through different magnetic properties of 

oxygenated and deoxygenated haemoglobin, called blood-oxygen- level dependent contrast 

(BOLD). This particular sequence of fMRI performed during resting state, allows to measure intrinsic 

brain activity and to reconstruct neural network and connectivity in absence of particular sensory 

or cognitive stimuli (Amaro and Barker, 2006). Magnetic Resonance Spectroscopy (MRS) is 

additional useful modalities to detect tissue metabolism by recording tissue defined voxel making 

in relation to spatial information with spectral information. 1H-NMR spectra are the most used 

modalities that could provide a cellular metabolism profile at a particular time point (Gadian and 

Radda, 1981). 

Positron emission tomography (PET) is a nuclear imaging minimally invasive technique using short-

lived positron emitting radioisotopes to label molecules of interest (e.g., specific receptors, 

metabolic substrates, perfusion markers), to directly measure a biochemical process in individual 

organs or regions of interest. The radiotracer is administered to the subject and after certain time 

of uptake, PET exam is performed in which emitted positrons annihilate when combined with an 

electron in the body tissue, generating two 511 keV photons in opposite directions, which are 

collected by detectors arranged around the area of interest. Each parallel couple of photons is used 

to generate the image and then processed, to obtain the final image using a different algorithm of 

reconstruction. The radiolabelled glucose analogue [18F]-FDG is the most commonly used PET tracer 
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to quantify regional brain glucose metabolism, which reflects neural activity (Iozzo et al., 2012). The 

figure 7 recapitulate the two main neuroimaging techniques used to study metabolic and structural 

changes within the obese brain. 

 

Figure 7 

 

Figure 7 Neuroimaging techniques used for brain evaluation in metabolic syndrome and obesity state Adapted from 

(Guzzardi and Iozzo, 2019) 

 

The main energy substrate for the brain is represented by glucose. Glucose metabolism contributes 

not only for regional brain function but also to regulate peripheral glucose level, feeding behaviour, 

rewarding system and appetite control. As glucose uptake mainly reflects cerebral energy 

requirement, aging, neurodegenerative processes and systemic metabolism influence brain 

metabolism at regional levels (Liistro et al., 2010; Hirvonen et al., 2011). Studies reported changes 

in brain metabolism under obese condition both in human and in rodent. High cerebral metabolic  
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rates occur in obese and glucose-intolerant subjects, during fasted or homeostatic stimuli, in region 

involved in food reward (Wang et al., 2004, 2009a; Guzzardi et al., 2018). Summarizing, PET imaging 

using glucose analogue as radiotracer is useful to study either in humans or in animal models the 

modulation and alteration of glucose brain metabolism in MetS and obesity. 

Several brain function can be measured by using in vivo PET Imaging, applying different selected 

radiopharmaceuticals addressed to specific target (metabolism, hypoxia, inflammation, specific 

ligands, or receptors). Neuroinflammation are, among those, an important marker for several brain 

pathology, such as PD, AD, brain injury, ischemia, cognitive dysfunction, psychiatric disorders, 

Multiple Sclerosis and others (Cavaliere et al., 2020). 

The 18 kDa translocator protein (TSPO) are expressed in brain parenchyma located in outer 

mitochondrial membrane of several cell type and results altered during neuroinflammatory process, 

thus has been used for the in vivo PET Imaging in which many tracers have been developed. 

Activated astrocyte and microglial cell seems to be the main target (Tournier et al., 2020). 

Nowadays in obesity, TSPO PET has been applied to study brown and white adipose tissue in clinical 

and preclinical studies, in which thermoneutral condition and mitochondrial expression has been 

addressed (Ran et al., 2018, 28; Hartimath et al., 2019). Only one study involves the TSPO PET to 

brain inflammation in a mouse model of AD associated with HFD condition. Published data from 

Barron A.M. et all., reported that combination of obesity with β-amyloid infusion led to 

neuroinflammatory response and several inflammatory markers upregulation, in which poor 

learning and memory performance results as outcome (Barron et al., 2016). Altogether, literature 

indicate that more studies are necessary to explore brain inflammatory response during obesity and 

MetS. In vivo TSPO PET tool could be helpful to investigate neuroinflammatory response in both 

preclinical and clinical obese condition also related to other brain pathology. 

 

1.8. Brain circuits involved in obesity  

Brain studies performed using neuroimaging techniques have provided several evidence in brain 

circuits involvement and modulation during MetS and obesity state. Four main circuits that are 

reported in figure 8 have been proposed (Volkow et al., 2008, 2011). 
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▪ reward-saliency 

▪ motivation-drive 

▪ learning-memory 

▪ inhibitory-control circuit 

 

Figure 8 

 

Figure 8 Brain circuitry of obesity Adopted from (Zhang et al., 2014). 

 

Reward-saliency circuit 

Reward circuits in obese subject induces compensatory overeating to reach sufficient reward, in 

which high palatable food consumption activate several brain regions encoding pleasantness to 

food. These regions include midbrain, insula, dorsal striatum, subcallosal cingulate and prefrontal 

cortex (PFC). Food pleasantness and satiety diminishes when chronic exposure to high palatable 

food occurs (Lenard and Berthoud, 2008). In this mechanism, dopamine (DA) neurotransmitters play 

a crucial role as involved in reward processing, motivation and positive behaviour reinforcement 

(Abizaid et al., 2006; Wang et al., 2009). Moreover, DA projection from ventral tegmental area (VTA) 

target striatal Nucleus Accumbens (NAc) for the feeding reinforcement encoding, influencing food 

ingestion and rating meal pleasantness based on the magnitude of the DA release (Salamone et al., 

1997; Rothemund et al., 2007). Indeed, study from literature reported a decreased DA receptors 
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availability in the striatal region in morbidly obese subject that showed a higher level of metabolism 

in the somatosensory region, which is known to directly impact DA activity (Bassareo and Di Chiara, 

1999; Schwartz et al., 2000).  Authors have also shown a correlation between dopamine D2 receptors 

availability and BMI value in which lower levels of dopamine receptors were correlated with high 

BMI (> 40) (Haltia et al., 2007). Summarizing, D2 receptors availability is crucial for the risk of 

overeating in obese individuals. 

 

Motivation-drive circuit 

Motivation and food consumption implicate activity of more frontal regions including orbitofrontal 

cortex (OFC), PFC and cingulate cortex (CG). In obese patients, it was observed an increase in 

activation of prefrontal region upon meal exposure compared to lean individuals (Gautier et al., 

2000; Rolls, 2004). As OFC a region essential for modulation of flexible control of behaviour such as 

behavioural inhibition, self-control and emotional regulation, it has been shown its involvement in 

eating disorders and bulimia nervosa (Szalay et al., 2012; Rudebeck and Murray, 2014). Several 

evidence support also the role of OFC in behavioural compulsion to obtain reward even when it 

disappears, like drug addiction, in which the subject cannot stop abuse even when drug is no longer 

a pleasure (Carnell et al., 2012). 

 

Learning and memory circuit 

Memory are particularly important in obese brain as it can produce an intense desire for food and 

trigger addictive behaviour. Memory system is implied in several mechanism that include 

conditioned incentive learning (mediated in part by the NAc and the amygdala (AMY)), habit 

learning (mediated in part by the striatal caudate and putamen nuclei), and declarative memory 

(mediated in part by the hippocampus (HIPP)). All these circuits seem to be altered upon drug or 

food addiction (White, 1996). Furthermore, overeating generates reinforcing and motivational 

salience in absence of food, and it is a consequence of conditioned learning induced by exaggerated 

stimulation. Learning habits concern a sequence of behaviour that are automatic in response to an 

appropriate stimulus while declarative memory in the ability to learn to bring back episodic 

information in relationship to food intake (Volkow et al., 2003). Abnormalities in emotional and 

memory circuits implicating AMY and HIPP has been found in obese individuals when compared to 
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lean subject in which brain response has been investigated using multimodal neuroimaging 

techniques. Studies from obese patients using fMRI, reported delayed inhibition in the 

hypothalamus response, which is correlated to the impaired satiety signal generated from 

homeostatic region. At the same time, higher signals are enhanced from emotion/memory and 

sensory/motor region in these subjects (Carnell et al., 2012). The table 2 above reports the 

implicated brain region during MetS and obesity with the inevitable disrupted functions. 

 

Table 2 Disrupted brain functions implicated in addiction and obesity (modified from (Volkow and 

O’Brien, 2007). 

Implicated brain region Disrupted functions 

prefrontal cortex Impaired inhibitory control  

anterior cingulate gyrus to drug intake in addiction 

lateral orbitofrontal cortex to food intake in obesity 

nucleus accumbens Enhanced reward 

ventral pallidum to drugs in addiction 

hypothalamus to food in obesity 

amygdala Conditioning/habits 

hippocampus to drugs and drug cues in addiction 

dorsal striatum to food and food cues in obesity 

medial orbitofrontal cortex Enhanced motivation/drive 

mesencephalic dopamine nuclei to consume drugs in addiction 

dorsal striatum to consume food in obesity 

amygdala Emotional reactivity 

ventral cingulate gyrus  

 

Inhibitory-control circuit 

Inhibitory-control circuits act in controlling executive function, goal-directed behaviour, and 

response inhibition whose main region involved is represented by frontal area including dorsolateral 

PFC (dlPFC) and inferior frontal gyrus (IFG). This circuit seems to be significantly activated in subjects 

that desire to consume high palatable unhealthy food. The prefrontal region involved, in healthy 

individuals, acts as inhibition of the desire to consume food. This mechanism is implied in the self-

control of choosing between healthy and unhealthy food (Hare et al., 2009; Hollmann et al., 2012). 

Briefly, the brain’s top-down control system modulates the subjective evaluation of food and 

individual difference in food intake regulation may be a consequence of structural difference or 

connectivity in such areas. Indeed, obese people has been associated with decreased activity in 

prefrontal region (Le et al., 2006, 2007). dlPFC are also involved in the reward pathways as they 

integrate information and act as inhibitory control of DA release from reward signalling (NAc and 



SCUOLA DI DOTTORATO 

UNIVERSITÀ DEGLI STUDI DI MILANO-BICOCCA 

 

 

21 

 

ventral tegmental area (VTA)), leading to overconsumption of palatable food (Bhurosy and Jeewon, 

2014). 

Despite these four main brain circuits, as previously stated, there are other regions involved in 

feeding behaviour including the hypothalamus, which regulates appetite and energy homeostasis, 

though the activity of the arcuate nucleus (ARC) (Myers and Olson, 2012). Hormonal and nutritional 

metabolic signals are integrated in the ARC from the periphery that generate a feedback response. 

These circuits are also associated with the mesolimbic reward circuit, thus to the VTA and NAc which 

control the hedonic aspect of food intake, as stated before (Roh and Kim, 2016). The hyperactive 

association between hypothalamus and cortico-striatal region seems to derange the homeostatic 

control of food intake. Furthermore, it has been shown that obese individuals showed increase in 

PFC activation upon fasting state and lower activation in the hypothalamus when asked to choose 

between healthy and unhealthy food (Harding et al., 2018). 

To conclude, recent publication indicates a progress in understanding obesity from neural circuits 

point of view. Published results indicate that high palatable food consumption is a major cause in 

obesity, which causes dysregulation of different brain circuit mechanisms that regulate food intake 

and consumption including also feeding behaviour. This topic pushed researchers to apply a 

functional connectivity approach based on neuroimaging techniques, to study the perturbation in 

brain region activity during obesity in order to understand how to apply new therapeutic strategies 

based on specific region activity or a network (Gluck et al., 2017; Clarke et al., 2018). 

1.9. Preclinical research of metabolic syndrome: animal models 

Most of the preclinical research on obesity and MetS are performed on small rodents, such as mice 

and rats. There are several animal models based on mutation or manipulation of different genes 

involved in obesity or IR, or that include animals exposed to an obesogenic environment as high fat 

diet consumptions. The leptin-deficient ob/ob mouse, db/db mouse and the Zucker rat represent 

the most common animal model of diabetes and obesity. Several animal models have been 

described (Lutz and Woods, 2012). Animal models based on deficiency in the leptin receptor 

pathway include Lepob/Lepob mouse, a spontaneous mutation leading to a marked obesity state in 

mice. Leptin is mainly synthetized in white adipocytes and its secretion reflects the triglyceride 

storage. Leptin deficiency has also been observed in rare cases of human obesity (O’Rahilly, 2009). 

The diabetic mouse (db/db) is characterized by more marked hyperglycaemia, hyperphagia and 
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reduced energy expenditure leading to marked early-onset obesity (Chua et al., 1996). The obese 

Zucker (fa/fa or ‘fatty’ rat) and the Koletsky rat carry the extracellular domain of the leptin receptor 

mutated forms. Glucose tolerance is impaired, and fertility is reduced. Zucker Diabetic Fatty (ZDF) 

rats were derived from a sub-strain of obese Zucker fatty rats that displayed early dysregulation of 

glucose metabolism. ZDF rats develop early diabetes in concomitant with HFD regimen, and the 

main feature regard the alteration of expression of the glucose transporter GLUT4 in muscle (Zierath 

et al., 1998). Animal models in which there is a deficit downstream of the brain leptin receptor 

include POMC-KO mouse. Proopiomelanocortin (POMC) expressing neuron are direct leptin target 

in the hypothalamic ARC and it is a precursor of α-melanocyte-stimulating hormone, a potential 

neuropeptide that reduces eating and increases energy expenditure by melanocortin 3 and 4 

receptor (MCR) activation in hypothalamus. Transgenic mice KO for POMC shows overeating and 

marked obesity. MCR4 KO models exhibit energy homeostasis dysregulation, hyperphagia and 

morbid obesity as consequence of disrupted control of food intake (Huszar et al., 1997; Challis et 

al., 2004). Another genetically induced model of obesity comprises the GLUT4 glucose transporter 

subtypes in which animals develop a massive increase in the number of fat cells. Melanin 

concentrating hormone mouse model in which eating, and body weight is increased but obesity is 

developed late in life and other models (Lutz and Woods, 2012). 

Another method to induce obesity and MetS is the exposure to a high fat or high-energy diet. 

Sprague Dawley rats and C57Bl/6J mice share many characteristics with the common form of human 

obesity, when exposed to HFD (Patterson et al., 2010). Cafeteria-diet induced obesity include varied 

palatable food which mimic human Western diet. Consequences include hyperphagia and 

overeating due to the increased average meal size and frequency (Pérez et al., 1999). HFD exposure 

often leads to obesity. Specifically, diet is reached in high caloric density that contribute to higher 

total energy intake which rapidly reduce insulin and leptin action leading to IR and typical MetS 

hallmark. Fat composition in which saturated FA has the most deleterious role are responsible for 

the development of obesity related diseases.  This type of diet acts on intracellular signalling 

pathways of hypothalamic neurons and in other brain areas (Hariri and Thibault, 2010; Clegg et al., 

2011). 

Finally, there are also surgical or chemical models of obesity.  Surgical methods to induce obesity 

are obtained upon lesions of hypothalamic ventromedial nucleus, paraventricular and arcuate 
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nucleus. This leads to adiposity, increase in body weight, higher circulating insulin and reduced 

glucagon and IR (Nemeroff et al., 1978; King, 2006). 

Finally, the chemical model includes streptozotocin (STZ) administration which has been used to 

study Diabetes Mellitus (DM) in rodents. STZ is applied to induce toxic effects on insulin produced 

by pancreatic cells which enter in the cell through GLUT2 glucose transporter and causes DNA 

alkylation and eventual pancreatic β cell death contributing to cytotoxicity (Deeds et al., 2011). 

1.10. Gene regulation of complex disease 

The aetiology of obesity and MetS is multifactorial, including intricate interaction between genetic, 

neuroendocrine regulation, environmental factors such as sedentarism or unhealthy dietary habits. 

In the last 50 years, an increase in prevalence of common obesity (multifactorial) has occurred while 

a small proportion of obesity cases result from monogenic alteration. The common obesity is 

probably due to the interplay between environmental changes and individual genetic susceptibility. 

Strong genetic impact in common obesity has been establish from evidence reported in studies 

including derived from family, twin and adoption in ethnically diverse population involving BMI 

confirming genetic role (Allison et al., 1996; Pietiläinen et al., 1999; Katzmarzyk et al., 2000; 

Koeppen-Schomerus et al., 2001; Fesinmeyer et al., 2013). Single gene mutation induces monogenic 

form of obesity including syndromic type which is accompanied by cognitive delay, dysmorphic 

features, and organ-specific abnormalities or non-syndromic (Kaur et al., 2017). Prader-Willi 

syndrome is the well characterized obesity syndrome form due to the imprinting defect in the region 

on chromosome 15q11-13. Other forms include Fragile X syndrome, Bardet-Biedl syndrome and 

Albright's hereditary osteodystrophy (Bonnefond et al., 2013; Pigeyre et al., 2016).  

Regarding non-syndromic monogenic form of obesity, genes are mainly involved in the regulation 

of energy haemostasis mediated by leptin-melanocortin pathway (Ingelsson and McCarthy, 2018). 

Leptin stimulates POMC neurons which produces alpha-melanocyte-stimulating hormone (a-MSH) 

binding to MC4R that act on energy balance and mutation occurring in MC4R result in increased 

food intake and body mass (Farooqi et al., 2003). SIM1, a transcription factor involved in the 

development of the paraventricular and supraoptic nuclei of the hypothalamus seems to be 

involved in severe obesity in humans when loss of function mutation occurs as it is involved in 

signalling of MC4R (Goshu et al., 2002).  
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Finally, obesity accompanied by glucocorticoid deficiency, hypogonadotropic hypogonadism, and 

postprandial hypoglycaemia occurs when mutation occurred when enzymes such as prohormone 

convertase 1 (PCSK1) processed melanocortin peptides (Pritchard et al., 2002). 

Genome-Wide Association Studies (GWAS) contribute to relevant new information about genetics 

of obesity. The interplay between multiple loci occurs in common multifactorial obesity, a polygenic 

form and GWAS has led to the discovery of novel genetic factors associated with obesity, e.g., an 

association of single nucleotide polymorphisms (SNPs) in the fat mass and obesity associated (FTO) 

gene region with BMI and risk of obesity was identified in populations from different countries, 

making FTO the first locus associated with adiposity (Frayling et al., 2007). Recent finding has 

reported several obesities carry genes involved in neural circuits of appetite and satiety regulation 

(BDNF, MC4R, NEGR) insulin secretion and action (TCF7L2, IRS1), adipogenesis and energy and lipid 

metabolism (FTO, RPTOR, MAP2K5) (Kilpeläinen et al., 2011; Locke et al., 2015). Epigenetic, as a 

gene regulatory system, is also involved in the mechanism of obesity in which several modifications 

have been shown including DNA methylation (Wu Ct and Morris, 2001; Keller et al., 2017). Four 

mechanisms of epigenetics contribution have been proposed: as downstream effectors of 

environmental signals; through abnormal global epigenetic state driving obesogenic expression 

patterns; through facilitating developmental programming and through transgenerational 

epigenetic inheritance (Youngson and Morris, 2013). Diet and nutrition seem to be able to influence 

genome inducing epigenetic reprogramming. In fact, several food components produce epigenetic 

changes in health individuals and response to diet. Epigenetic mechanism is influenced by bioactive 

food composition that can inhibit enzymes that catalyse DNA methylation or histone modification 

altering the availability of substrate, necessary for enzymatic activity (Haggarty, 2013). 

Summarizing, GWAS within epigenetic DNA methylation study could provide a potential novel 

genotype-epigenotype interaction within disease-associated loci in order to deeply understand 

common complex diseases like obesity and MetS (Bell et al., 2010). 

While several studies from genetic point of view have been performed regarding the main organs 

affected by the MetS and obesity, only few studies focused on brain functions and brain transcripts 

of specific regions including hippocampus, hypothalamus and prefrontal cortex. Preclinical research 

using female mice treated with Western Diet reported 2.412 differentially expressed hippocampal 

genes with the majority involving in the regulation of cell signalling proteins and their transcription 
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factors, differential expression of miRNAs, and a lesser proportion of non-protein coding RNAs when 

compared to control mice. Another study demonstrates that obesity-induced microglia activation is 

associated with hippocampal-dependent learning and memory deficit, decreased synaptic density, 

and dysregulation of genes involved in synaptic plasticity. Transcriptomic investigation performed 

on Prader-Willi syndrome revealed an upregulated gene involved in the hunger signal and 

downregulation of POMC neurons activated by feeding. Finally, the prefrontal cortex was also 

studied in a preclinical model of obesity as associated with higher cognitive functions. Results 

obtained from HFD adolescence male mice showed marked impairment of prefrontal cognitive 

activity including epigenetic processes involving microRNAs (Bochukova et al., 2018; Labouesse et 

al., 2018; Nuthikattu et al., 2019; Valcarcel-Ares et al., 2019; Yang et al., 2019). 

To conclude, further brain analysis at transcriptional and epigenetic level are needed to elucidate 

different mechanisms and pathways involved in obesity and related diseases  

1.11. Sex difference during insulin resistance and metabolic 

syndrome 

Nowadays, unfortunately, there is limited comprehension of the molecular and physiological 

peculiarity of sex difference in several disease. An inadequate number of preclinical and clinical 

publication include both, males, and females into the research investigation, which could be of 

useful to facilitate precision medicine and sex-specific therapeutic approach. Males represent the 

“appropriate and preferred” gender, as females, due to the modulated sex hormones during fertile 

period, are belief to generate high variability data (Della Torre and Maggi, 2017). 

In MetS and obesity, male and female results differentially affected showing sex-specific hallmarks, 

often age dependent. In fact, females are more susceptible to gain weight in the post-menopausal 

period accompanied by secondary complications. On the other hand, neonatal overnutrition cause, 

in pre-pubertal male and female, an excessive gain weight with no hypothalamic inflammation while 

in later adulthood, only male exhibit hypothalamic inflammation accompanied by gliosis (Argente-

Arizón et al., 2018). Indeed, puberty is a period that includes development, changes in body 

composition and fat distribution, influenced also by hormones (Loomba-Albrecht and Styne, 2009; 

Rogol, 2010). In both, male and female, sexual hormones influence the MetS mechanism leading to 

obesity and related pathology in different ways. Androgens are highly expressed in male while lower 

in females and regulate plenty of mechanisms associated with the risk to develop obesity. On the 
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contrary, estrogen is highly expressed in women during the fertile period of life until menopause, 

and lower expressed in males. In fact, energy metabolism and body composition are regulated upon 

balance between these two hormones. In females, body weight and visceral fat deposition increase 

upon high androgens level, while in male a negative correlation between obesity degree, waist 

circumference, increased BMI and testosterone available has been found (Kelly and Jones, 2015; 

Kautzky-Willer et al., 2016). 

In both humans and rodents, male, appear to be more susceptible and more prone to develop MetS 

and obesity than premenopausal females. Among several MetS hallmark, body fat distribution and 

composition, control of metabolism and low-grade inflammatory state may result different 

according to the sex and age at organ level, both in humans and in rodents (Freire-Regatillo et al., 

2020). 

 

Figure 9 

 

Figure 9 Sex difference in body fat distribution. Adopted from (Palmer and Clegg, 2015) 

Adipose tissue contributes to metabolic homeostasis as well as represent triglyceride storage, in 

which cells secrete a variety of molecules involved in different signalling pathways. Male and female 

exhibit differences in the amount, and distribution of fat cells. In particular, pre-menopausal females 

have higher total body fat content with a tendency to distribute it more subcutaneously while man 

fat deposition is mainly visceral. Subcutaneous accumulation of fat in females represents an 

energetic strategy but also to protect from MetS. After menopause, fat deposition shifts from 

subcutaneous to visceral, as normally occurs in man, accompanied by more susceptibility to risk in 
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MetS and obesity related disorder (Palmer and Clegg, 2015). This sex differences during obesity are 

largely linked to hormones. In females, estrogen regulates fatty acid metabolism, fat distribution, 

appetite and energy expenditure. In post-menopausal women, with a decrease in circulating 

hormone, this protective effect of estrogen disappears (Gambacciani et al., 1997; Clegg et al., 2007). 

Preclinical research is in line with these results showing increased energy expenditure in rodents 

upon activation of estrogen receptors in the hypothalamus (Xu et al., 2011). In these findings, 

estrogen receptors α (ERa) are implicated as modulated fat distribution between the depots. In CNS, 

estrogen receptors are expressed in the ventromedial nucleus of hypothalamus and are involved in 

the decision of adipose tissue distribution. Studies demonstrate that disruption of ERa in such 

hypothalamic nuclei lead to visceral fat accumulation in females and that CNS administration of 

estrogens as therapy radically reduces visceral adiposity. Indeed, other research showed that 

depletion of ERa from adipocyte increases adiposity in the visceral depot in both male and female 

mice, indicating that estrogen modulates fat distribution (Lindberg et al., 2002).  

Concluding, fertile female mice seems to be protected from obesity and MetS as show more neural 

projection to subcutaneous depot and a higher number of ERa receptors expressing neuron 

projection compared to male which projection goes mainly to visceral one (Xu et al., 2011; Adler et 

al., 2012). 

An interesting sex dimorphism is present in liver metabolism. It has been demonstrated that during 

short fasting conditions, male mice activate lipogenic and gluconeogenic pathways to preserve 

amino acid reserves while female mice use amino acids as fuel font maintaining hepatic lipid 

synthesis (Della Torre et al., 2018). The risk to develop liver diseases such as NAFLD has been shown 

to be higher in men while in women it has become more common after menopause, suggesting a 

strong influence and protection of estrogen hormones (Park et al., 2006; Long et al., 2018). This has 

been confirmed by a multicentre clinical trial showing that NAFLD and hepatic fibrosis are associated 

with a worse outcome with a higher incidence of hepatocellular carcinoma during aging and in male 

(Vilar-Gomez et al., 2018). Premenopausal woman with sever hepatocyte injury and inflammation 

showed less fibrosis compared to man and to postmenopausal subjects (Yang et al., 2017). 

Moreover, as ERs are highly expressed during pre-menopause, it has been demonstrated that 

females regulate liver function and the nutrition availability to preserve fertility (Maggi and Della 

Torre, 2018). 
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Insulin resistance, one of MetS hallmark, has been shown to be present in both sexes during obesity 

and T2D, however in general in women insulin sensitivity is higher as well as the development of 

resistance in case of obesity (Nuutila et al., 1995; Tura et al., 2018). Increased insulin secretion and 

sensitivity in women could be related to the GLP-1. In fact, in normal conditions, woman show a 

20% increase in serum GLP-1 at OGTT test compared with man, but this response disappear in 

prediabetes state or in T2D patient with no sex dependent effect (Færch et al., 2015). 

Finally, sex differences were also found in the inflammatory reaction that occur in MetS and obesity 

both in periphery (e.g. adipose tissue and liver) and brain (e.g. hypothalamus). Adipose tissue 

dysfunction is characterized by high leptin production, low adiponectin production, cellular hypoxia, 

accumulation of non-esterified fatty acids in adipocytes, and deposition of excess extracellular 

matrix components like collagens and elastin which promote immune response (Khan et al., 2009; 

Divoux et al., 2010). Gender dimorphism is determined by two factors, sex hormones as stated 

before and X-chromosome genes modulation which favour female to have stronger immune 

system. In fact, X-chromosome dependent differences in innate immune systems lead to 

modification of several genes including these for TLR7 and TRL8. In females such genes are strongly 

expressed and only occasionally lead them more susceptible to some auto-immune diseases 

(Berghöfer et al., 2006; Pisitkun et al., 2006). Anti-inflammatory effects are exerted also by estradiol. 

Indeed, this hormone can reduce the production of IL-6, IL-1β and TNF-α by macrophages (Kramer 

et al., 2004). 

As stated, also in brain the inflammatory reaction present in MetS and obesity is sex dependent. In 

fact, preclinical research focused on the hypothalamus, indicates sex difference within microglial 

activation, macrophages response and in cytokines production. Such differences were found more 

pronounced in male HFD mice rather than in females which shows higher levels of the anti-

inflammatory IL-10 cytokines (Lainez et al., 2018). Sex dimorphism in response to HFD regards also 

cognitive function and synaptic activity.  Indeed, impairment of learning and cognitive function has 

been shown in different preclinical models of obesity indicating male as more vulnerable to learning 

and synaptic plasticity impairment. One hypothesis is that this higher vulnerability is associated with 

a worst IR present in obese male mice. In fact, insulin has a positive role in maintaining synaptic 

plasticity and memory (Park, 2001; Stockhorst et al., 2004; Martin et al., 2008). This is also supported 
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by the effect of intranasal administration of insulin that is able to improve cognition in early AD 

patients (Reger et al., 2008). 

Overall, male appear to be more vulnerable to develop MetS and obesity due to the higher 

prevalence of increased body weight, metabolic alteration, increased visceral adiposity, pronounced 

immune response and brain deficits such as learning and synaptic impairment upon HFD regimen 

or wrong lifestyle. On the contrary, females seem to be protected both by hormones such as 

estrogen and by X-chromosomes genes mechanism during premenopausal lifetime. However, data 

on the brain are limited and mainly focused on the hypothalamus.  
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2. AIM 
Aged and demented population represent the highly relevance for delirium appearance. Neuro-

inflammation involved in aging is one of the most supported by the literature. Microglial cells are 

activated by local and systemic inflammation and become primed (hyper-responsive) to small 

stimuli with aging, which can potentially cause damage and neuronal death. When an acute 

inflammatory stimulation occurs peripherally in a vulnerable individual, microglial cells become over 

activated and inflammatory mediators overexpressed in the CNS. There are also several risk factors 

that could facilitate neurodegeneration development, including gender, lifestyle, and presence of 

genetic polymorphism. Obese state is associated with chronic-low grade inflammation in which 

exposure to free fatty acids initiates inflammatory signalling leading to immune cell infiltration 

contributing to inflammation state. 

In this 3 year of PhD Program in Experimental Neuroscience, I focused my attention on sex 

difference involved in neuroinflammatory response during aging and in metabolic syndrome. Aging 

mechanism underlying neuroinflammatory response has been investigated during the first year and 

has been published as the original article in Frontiers in Aging Neuroscience (Murtaj et al., 2019). 

This study showed sex and age dependent differences in brain neuroinflammatory response to a 

LPS peripheral challenge as revealed by microglial and astrocyte activation, cytokines, and microglia 

regulator levels. The published study is annexed to the thesis (in annex 1). 

Here I present a second potential risk factor for brain health and neuroinflammation that is 

represented by obesity. As for the LPS challenge, the studies were conducted in both male and 

female mice.  Sex difference of metabolic syndrome were evaluated upon prolonged HFD intake on 

the brain and periphery to understand the effect of enhanced caloric intake on brain biology. To this 

aim, we characterized mouse model of HFD induces obesity using longitudinal multimodal imaging 

approach including MRI and PET with selected radioligands for neuroinflammation measuring 

microglial/macrophages activation and glucose metabolism measuring regional brain function and 

connectivity. To associate the effect on the brain with the severity of metabolic impairment, PET 

findings were correlated with the haemato-chemical profile of HDF and normal fed mice. 
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3. MATERIALS AND METHODS 

3.1. Animals and diet  

Five weeks old, male and female C57Bl/6J mice were purchased from Charles River. Animals were 

maintained and handled in compliance with our institutional guidelines for the care and use of 

experimental animals (IACUC) and the national law for animals used in research (Prot. N. 6B2B3.44 

D.lsg. 116/1992 and N. 29/2018-PR D.lsg. 26/2014). Mice were housed in the San Raffaele Hospital 

animal facility, maintained in a 12/12-hour light/dark cycle with access ad libitum to food and water. 

Following one week of acclimation, mice were randomly assigned to one of the following diet 

regimens: Standard Diet (STD), containing 10% of calories derived from fat (D12450B, Research Diets 

Inc); 45% High Fat Diet (45HFD), containing 45% of calories derived from fat (D12451, Research Diets 

Inc.) and 60% High Fat Diet (60HFD), containing 60% of calories derived from fat (D12492, Research 

Inc.). Specific diet composition is reported in table 3. This diet was selected based on the low tenor 

of cholesterol content in which fatty acids are mainly composed of lard that contain less non 

saturated fatty acid than butter. 

 

Table 3 High Fat Diet and Standard diet composition 
 

 FAT %  % saturated % monounsaturated % polyunsaturated main ingredient 

STD  10% 23% 30% 47% wheat 

45HFD 45% 31% 36% 33% lard 

60HFD 60% 32% 36% 32% lard 

3.2. Experimental design 

A total number of 132 mice were used in this study (72 male and 60 female mice). Separate animal 

groups were dedicated to experiments that investigate different biological questions. First imaging 

pilot experiments were performed using 6 male mice per group considering only STD and 45HFD for 

a shorter period (8 weeks) to standardize the methods, a second experiments were performed using 

15 male and 15 female mice (5 per group per diet, STD, 45HFD and 60HFD) in which Optical Imaging 

were done in order to investigate potential systemic inflammation. Data from these experiments 

were not reported due to not relevant results obtained. 
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From the 30 males and 30 females dedicated to longitudinal PET study, 8 mice per diet/sex 

performed [18F]-FDG PET acquisition at 7 and 12 weeks from diet while 4 mice performed acquisition 

at 31 weeks. Some animals were excluded due to the death. [18F]-VC701 PET study was performed 

on 6 mice per diet and sex for the 7 and 12 weeks as time point while lately, 3 mice per diet/sex 

performed imaging study at 31 weeks from diet. From 15 males and 15 females dedicated to MRI 

studies, 4 mice per diet/sex performed the study. All sample size used in the Imaging study were 

reported in the table 4. Mice of each experimental task were monitored weekly for body weight and 

BMI were calculated measuring the body length from the tip of the muzzle to the attachment of the 

tail and expressed as g/cm2. Caloric and energy intake were also calculated, measuring food every 

day, in terms of gram/day and kcal/day. At the end of the imaging study, all animals were sacrificed 

for further investigation (blood chemistry, immunohistochemistry, transcriptomic and western blot 

analysis). In specific at sacrifice: 

-Serum level (from blood sample) 

14 weeks: 5 mice per diet/gender from MRI groups + 5 mice per diet/gender from PET groups 

35 weeks: 5 mice per diet/gender from PET groups 

-Immunohistochemistry (liver sample) 

14 weeks: 5 mice per diet/gender from MRI groups  

-Transcriptomic (half-anterior cortex) 

35 weeks: 5 mice per diet/gender from PET groups  

-Western Blot (half-anterior cortex) 

35 weeks: 5 mice per diet/gender from PET groups  

Table 4 All sample size of each imaging study 

 

  

Experimental 

group 

PET Imaging MRI Imaging 

  FDG PET VC701 PET   

  
7 weeks 12weeks 

31 

weeks 

7 

weeks 12weeks 

31 

weeks 

4 

weeks 12weeks 

Male 

60% HFD 8 8 3 6 6 3 4 4 

45% HFD 8 8 4 6 6 3 4 4 

STD 8 7 4 6 6 3 4 4 

                

Female 

60% HFD 8 8 4 6 6 3 4 4 

45% HFD 8 8 4 6 6 3 4 4 

STD 8 8 4 6 6 3 4 4 
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Figure 10  

 

Figure 10 Experiment design of the study Male and female mice undergo two type of HFD for 35 weeks and separate 

animal group performed imaging study using PET and MRI techniques 

 

3.3. Metabolic evaluation 

Mice were monitored for basal glycaemia and for Glucose Tolerance Test (GTT). Basal glycaemia was 

measured in fasted animals in which blood glucose concentrations were collected from the tail vein 

with a glucometer (StatStrip Xpress®2, Nova Biomedical, MA, USA). For GTT test, mice were injected 

intraperitoneally with a glucose solution (2g/kg/bw, dissolved in saline) in the morning, after basal 

glycaemia measurement. Blood glucose level, collected from the tail vein, was taken through 

glucometer at 0, 15, 30, 45, 60 and 120 min after glucose injection. Both measurements, basal 

glycaemia and GTT test were performed longitudinally at 4, 7, 12 and 31 weeks of high fat diet 

regimen. MRI groups of animals (5 per diet and gender) performed two time points of metabolic 

evaluation, at 4 and 7 weeks after diet regimen while PET group of animals (5 per diet and gender) 

performed metabolic evaluation at 12 and 31 weeks of diet. 

3.4. Blood sampling and blood chemistry analysis 

From each animal blood samples were collected and put into the Eppendorf tubes. The blood 

samples were clotted for 30 min after blood sampling; afterwards, the tubes were centrifuged at 

recommended speed (1300 RCF) for 10 min. The obtained serum was collected and stored at -80°C  

for further analysis. On serum samples, the concentrations of total cholesterol (mg/dL), high density 

lipoprotein (HDL, mg/ dL), low density lipoprotein (LDL, mg/ dL), aspartate aminotransferase (AST; 
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UI/L), alanine aminotransferase (ALT; UI/L), albumin (g/dL) were determined by LAM Service 

(Laboratory of Murine Analyses) in San Raffaele Scientific Institute, which uses certified instruments 

and kits, performed analyses. During each session, internal quality control was done for each single 

test. Serum levels of different components were analysed by a spectrophotometry system (ILab 

ARIES, Werfen Instrumentation Laboratory S.p.A., Milan, IT) according to the manufacturer’s 

protocol. Data from serum were collected at two different time points, 14 and 35 weeks of diet. 

After 14 weeks of diet, serum was collected at sacrifice from the MRI experimental group (n=30; 15 

male and 15 females, 5 per type of diet) and from the PET Imaging experimental group that undergo 

on diet regimen until 14 weeks (n=30, 15 male and 15 females, 5 per type of diet). At the late time 

point (35 weeks of diet), serum was collected only from the second PET imaging experimental group 

(n=30, 15 male and 15 females, 5 per type of diet). Same sample was discarded from the analysis 

due to haemolysis. Sample size analysed at each time point for each diet group of study is reported 

on table 5. 

 

Table 5 Sample size per group of diet analysed for blood chemistry analysis 
 

Serum collection MRI study PET study Sample size 

Male STD 45HFD 60HFD STD 45HFD 60HFD Total n per group 

14 weeks 5 5 5 5 5 5 10/group 

35 weeks       5 5 5 5/group 

            

Female STD 45HFD 60HFD STD 45HFD 60HFD Total n per group 

14 weeks 5 5 5 5 5 5 10/group 

35 weeks       5 5 5 5/group 

 

3.5. MRI study 

Magnetic Resonance Imaging (MRI) were performed on a dedicated group of animals that undergo 

on diet regimen for 14 weeks (n=30, 15 males and 15 females, 4 per diet group) in which liver region 

were investigated to obtain information regarding hepatic steatosis and fibrosis. Animals performed 

a two-time point of analysis, an early time point at 4 weeks and a late one at 12 weeks of diet 

regimen, based on the literature articles (Soares et al., 2018). 

All MRI studies were performed in a 7T preclinical scanner (Bruker, BioSpec 70/30 USR, Paravision 

6.0.1), equipped with 450/675 mTm gradients (slew-rate: 3400-4500T/m/s; rise time 140µs) and a 

circular polarized mouse body volume coil with an inner diameter of 40 mm. All mice underwent 
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imaging under inhalational anaesthesia (Isoflurane, 3% for induction and 2% for maintenance in 

2L/minute oxygen); lying prone on a dedicate temperature control apparatus to prevent 

hypothermia, having breathing rate and body temperature continuously monitored (SA 

Instruments, Inc. Stony Brook, NT, USA). 

Sample sizes that undergo MRI study were 24 animals, 12 male and 12 females, 4 per group of diet. 

Two studies were performed.  First, axial 2D High Resolution (HR) Rapid Acquisition with Relaxation 

Enhancement (RARE) T2 images was obtained. Images with fat suppression (FS) or without fat 

suppression (NFS) (repetition time (TS)=3000 ms; echo time (TE)=40ms; rare factors=8: field of view 

(FOV)=230 x 20 mm; matrix=224 x 192 (resolution= 0.143 x 0.104)) were acquired to measure liver 

and intra-abdominal adipose tissue volumes. Enough slices were acquired to allow imaging of the 

liver and kidney region. Liver volume was calculated by manual contour of the RARE T2 sequence. 

Axial RARE T2 images with FS and NFS were used to measure intra-abdominal fat volume, using 

MIPAV 8.0.2 (NIH, MA, USA). Three adjacent slices per animal were selected from a slice in which 

renal pelvises had approximately the same dimensions, both in FS and NFS images. Segmentation 

was performed by subtracting FS from NFS images. Multispectral Fuzzy C-means clustering 

algorithm was applied on the resulting whole images to perform “hard and fuzzy segmentation”. 

Fat tissue volume quantification was finally calculated using the Paint Grow tool on each slice. 

Secondly, MRI spectroscopy (1H-MRS) was performed in order to extract the Hepatic Lipid Content 

(HLC). Multi-slice gradient echo images (TR=3000ms, Echos=20, TE=from 6.78 to 135.63ms, matrix 

=128x128 (resolution=0.250 x 0.156mm), FOV=320 * 20mm) were used for liver identification and 

definition of a (3x3x3) mm3 volume of interest for proton magnetic resonance spectroscopy (1H-

MRS). MR spectra were acquired with Point Resolved Spectroscopy (PRESS) technique (TS=2500MS, 

TE=16.6, spectral width=4504.50 Hz), reconstructed with Topspin program (PV6.0, Bruker BioSpin) 

and analysed using Mnova program (Mestrelab Research S.L.). From water suppression spectra, the 

integral of each peak was determined in order to extract HLC, as previously described (Soares et al., 

2018). 

3.6. Immunohistochemistry 

From the MRI group of animals (5 per type of diet and gender), liver samples were collected and 

weighed after 14 weeks of diet regimen. Right anterior liver lobe was collected, fixed in formalin, 



SCUOLA DI DOTTORATO 

UNIVERSITÀ DEGLI STUDI DI MILANO-BICOCCA 

 

 

36 

 

paraffin embedded and four/five sections per animal was stained with hematoxylin and eosin (H&E) 

in order to visualize the steatosis into the liver parenchyma.  

3.7. Brain PET Imaging 

Positron Emission Tomography was used to image brain glucose metabolism and 

neuroinflammation. Dedicated groups of animals were acquired longitudinally during the period of 

diet regimen (7, 12 and 31 weeks of diet). Glucose metabolism was measured with [18F]-FDG 

whereas brain inflammation with the TSPO agent, [18F]-VC701 previously used in our laboratory to 

measure neuroinflammation in mice (Di Grigoli et al., 2015; Belloli et al., 2018). 

PET imaging study was repeated twice: first longitudinal experiment includes 7 and 12 weeks as 

time point in which 3 animals for [18F]-VC701 and 4 animals for [18F]-FDG per group of diet and 

gender were acquired. The second longitudinal experiments include 7, 12 and 35 weeks as time 

point and again 3 animals for [18F]-VC701 and 4 animals for [18F]-FDG per group of diet and gender 

performed the acquisition. In the analysis of PET data, animals were pooled together for the 7- and 

12 weeks as time point. PET acquisition was performed using the YAP(S)-PET II small animal 

tomograph (ISE S.r.l., Pisa, Italy) in three-dimensional mode and all the images were reconstructed 

using the expectation maximization (EM) algorithm. [18F]-FDG radiopharmaceuticals were prepared 

for clinical use (European Pharmacopoeia VIII Edition) while [18F]-VC701, a radio ligand that bind 

Translocator Protein (TSPO) was prepared as previously described (Di Grigoli et al., 2015). 

For [18F]-FDG radiotracer, animals were injected with 4.31±0.05 MBq of activity and acquired 60 min 

after injection while for [18F]-VC701 animals were injected with 4.80±0.22 MBq of activity and 

acquired 120 min after dose administration. During dynamic acquisition (scan duration: 30 min; 6 

frames of 5 min), animals were maintained under light gas anaesthesia (isoflurane 2% in air). Data 

were corrected for the physical decay of fluorine 18 (t1/2: 109.8 min). PET images were manually 

co-registered to a software MRI brain template and radioactivity average value were extrapolate 

applying PMOD software mouse region of interest (ROIs) brain template (Ma et al., 2005). 

Quantification analysis was performed using PMOD 2.7 software (Zurich, Switzerland). For each ROI, 

radiotracer uptake was expressed as SUV (Standardized Uptake Value). For each animal, regional 

[18F]-FDG data were normalized for the mean whole brain uptake values. This method is used for 

clinical studies to reduce single subject variability of [18F]-FDG uptake in the brain. For the same 

reason, regional uptake values of [18F]-VC701 were normalized to that measured in muscle. In the 
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case of [18F]-VC701, muscle was selected as HFD induced general increase of [18F]-VC701 uptake all 

over the brain whereas radioactivity concentration in muscles was not influenced by diet.  

3.8. Brain metabolic connectivity: an explorative analysis  

Correlations between ROIs of different [18F]-FDG brain regions were done separately in STD control 

group, 45HFD and 60HFD group as population study in which male and female mice were pooled 

together. Sample size for the 12 weeks of diet correlations included 15 mice for STD: 16 for 45HFD 

and 60HFD. Sample size for the 31 weeks of diet correlations included 8 for STD and 45HFD while 7 

mice for 60HFD. Pearson’s correlation was performed using a p value threshold of 99% as confident 

interval (statistical significance obtained when p≤0.01) in order to avoid false positive results based 

on the assumptions that regions that are functionally associated are metabolically correlated 

(Horwitz et al., 1984). Subsequently, r coefficient was transformed to z score using Fisher’s 

transformation and used for the evaluation of the z test. Z tests were used to define significant 

correlation straight from the HFDs to the STD control group, with the p value threshold of 99% as a 

confidence interval (statistical significance obtained when p≤0.01). Comparisons include HFD vs STD 

and 45HFD vs 60HDS at both time points. 

3.9. Transcriptomic analysis of mice anterior cortex 

Transcriptome analysis was performed on the half-anterior cortex of the male and female mice 

sacrificed at 35 weeks from diet, derived from the PET group of animals. Brains were rapidly 

removed, and the anterior cortex was collected, snap-frozen in liquid nitrogen, and stored at −80°C. 

Samples were stabilized in RNA Later Ice (Thermo Fisher), -20°C ON, and then disrupted and 

homogenized in RLT buffer (350uL) using TissueLyser (Qiagen). Total RNA was extracted following 

the Qiagen RNeasy Plus Micro kit procedure. The RNA concentration and purity were assessed by 

spectrophotometer (Nanodrop): 260/280 and 260/230 ratios were evaluated. Total RNA integrity  

was assessed by Agilent Biopanalyzer and the RNA Integrity Number (RIN) was calculated. The 

quality of each sample was assured by a RIN≥6 and visual confirmation of clear, distinct 28s and 18s 

rRNA peaks. An aliquot (10ng) of RNA was used for the preparation of targets for Clariom™ S Mouse 

arrays, according to the IVT Pico Reagent kit (Thermo Fisher). The Clariom™ S Mouse arrays were 

purchased from Thermo Fisher Scientific (Massachussetts, USA) and contain >22,100 genes, 

>150,300 transcripts, >221,900 total probes with several probes targeting genes >221,300. The 
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staining, washing and scanning of the arrays were conducted using a Fluidics 450 station, Command 

Console Software and GeneChip® Scanner 3000 7G, generating .CEL files for each array (Thermo 

Fisher Scientific, USA). The images were scanned by Thermo Fisher GeneChip Command Console 

(AGCC) and analyzed with the Thermo Fisher GeneChip Expression Console. The quality control of 

the scanned data was first estimated by confirming the order of the signal intensities of the Poly-A 

and Hybridization controls using Expression Console Software (Thermo Fisher Scientific, USA). Raw 

expression values were imported as Thermo Fisher .CEL files into TAC 4.0 software (Thermo Fisher 

Scientific, USA). This software allows analysing and normalizing the data, through workflows that 

include the Pre-processing, Differentially Expressed Genes (DEGs) Finding and Clustering modules. 

Transcriptome analysis in male mice was performed by analysing 14 samples (5 STD, 4 45HFD and 5 

60HFD). Since great variability was observed, we performed principal component analysis (PCA) 

analysis to select concordant Biological replicates corresponding to 2 biological samples for the 

group’s STD and 45HFD and 4 samples for the group 60HFD creating 8 .CEL files. DEGs analysis was 

performed by using a Fold change equal to 2 and a p-Value of 0.05. A Robust Multichip Analysis 

(RMA) quantification method (Irizarry et al., 2003) was used as a probe set summarization algorithm 

for log transformation with base 2 (log2) and Quantile normalization method was chosen to 

evaluate the preliminary data quality in the Pre-processing module, which functions as a data quality 

control through the Thermo Fisher Expression Console Software. The mean signal intensities of all 

genes were obtained using 2 chips for STD AND 45FHFD and 4 chips for 60HFD group. After 

normalization, the differentially expressed genes satisfying the conditions of the fold change cut-off 

2 and a One-Way analysis of variance (ANOVA) p-value<0.05 from all the genes probed in the array, 

were selected as DEGs. 

For the experiment conducted on female animals, a total of 15 .CEL files (5 STD, 5 45HFD and 5 

60HFD) were uploaded and normalized in PM (perfect match)-only conditions as a PM intensity 

adjustment. A Robust Multichip Analysis (RMA) quantification method (Irizarry et al., 2003) was 

used as a probe set summarization algorithm for log transformation with base 2 (log2) and Quantile 

normalization method was chosen to evaluate the preliminary data quality in the Pre-processing 

module, which functions as a data quality control through the Thermo Fisher Expression Console 

Software. PCA analysis was again used to select the most concordant biological replicates within 

each experimental group. The mean signal intensities of all genes were obtained using 3 chips for 
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STD and 45HFD and 3 chips for 60HFD group. After normalization, the differentially expressed genes 

satisfying the conditions of the fold change cut-off 2 and a One-Way Analysis of variance (ANOVA) 

p-value<0.05 from all of the genes probed in the array, were selected as DEGs.  

The list of DEGs from both male and female were analysed for ontology enrichment using Database 

for Annotation, Visualization and Integrated Discovery (DAVID; http://david.abcc.ncifcrf.gov/) and 

the Enrichr web site (https://maayanlab.cloud/Enrichr/) (Irizarry et al., 2003).  

3.10. Western blot analysis of anterior cortex 

Western Blot analysis was performed on the other half anterior cortex in males and females, 

collected from PET animal groups after 35 weeks from HFD in all experimental groups, as described 

in the transcriptomic analysis sections. Brain tissue was tested for the evaluation of serine-threonine 

kinase (AKT) and for ionized calcium-binding adapter molecule 1 (Iba-1). 

For the AKT evaluation, after thawing the anterior cortex of each mouse (male n= 5 60HFD; 4 45HFD; 

5 STD: female n= 5 60HFD; 5 45HFD; 4 STD) were separately homogenized, using the TissueLyser II’ 

from QIAGEN. Tissues were homogenized twice for 10 min each in a lysis buffer containing 290 mM 

sucrose, Tris 0.5M pH 6.8 and 3% SDS, 10 ug /ul of proteases inhibitors leupeptin, bestatin, pepstatin 

A, and aprotinin the phosphatase inhibitor sodium orthovanadate 1mM, Na F 10 mM and 

Tetrasodium Pyrophosphate 10 mM. After each lysis, the homogenates were centrifuged at 10000xg 

at 10°C, the supernatant recovered and diluted to a concentration of ~1 mg/mL with assay buffer. 

Protein concentrations were measured using the Pierce™ BCA Protein Assay Kit. Antibodies (Abs) 

used for anti-human AKT1 mouse IgG1 (Invitrogen), anti-human pSer473-AKT1 rabbit IgG (Thermo 

Fisher Scientific) and anti-GAPDH Ab (sc 25778, Santa Cruz Biotechnology, Dallas, Texas, USA) and 

anti Iba1 (WAKO 016.20001). 

SDS-PAGE and blotting were carried out by standard procedures. In brief, 5-10 mg of proteins 

obtained from lysed tissues were loaded, separated trough SDS-polyacrylamide gel electrophoresis 

using 7.5 % acrylamide and electrophoresis-mediated transferred to nitrocellulose membranes with 

0.45 mm pores (Schleicher and Schull ll, Dassel, Germany). The blots were blocked overnight in 4% 

non-fat milk in Tris-buffered saline, washed in a buffer containing 4% non-fat milk and 0.3% 

Tween20 in Tris-buffered saline, and incubated for 2 h with the primary antibody at the following 

concentration: AKT and pAKT 1:1000, GAPDH 1:4000. Primary Abs were then incubated for 1h with 

the appropriate secondary antibody (anti-rabbit Ly-Cor IRDye800RD) and after several washes, 
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membranes were dried overnight in the dark, at room temperature (RT). The infrared (IR) signal was 

measured using an Odyssey CLx - Infrared Imaging System. The Western blot bands of AKT/pAKT 

signal intensity was quantified using iStudio software normalizing to the GAPDH content and then 

to the optical density of STD control value (1) as previously described (Pistillo et al., 2016). For IBA-

1 evaluation in anterior cortex, tissues from mice fed with HFD and STD were homogenate in 290mM 

sucrose; 62.5mM Tris HCl; 3% (w/V) SDS supplemented with protease and phosphatase inhibitors 

using TissueLyserII (Qiagen Cat No./ID: 85300) 3’ at 30Hz 2 times. Protein concentration was 

calculated using PierceTM BCA Protein Assay Kit (ThermoFisher Cat No. 23227). 10ug of proteins 

were separated using pre-cast 4–15% CriterionTM TGX Stain-FreeTM   gel supplied by Bio-Rad and 

transferred onto nitrocellulose using Nitrocellulose Transfer Kit (Bio-Rad Cat No. #170-4270). After 

protein transfer, the membrane was treated with a 5% BSA blocking buffer followed by overnight 

incubation @4°C with primary antibodies. Proteins of interest were detected with HRP-conjugated 

secondary antibody and visualized with Clarity Western ECL substrate (Bio-Rad Cat No. #1705061). 

The Stain-Free gel technology was used for normalizing bands intensities on total protein loading 

(Gürtler et al., 2013). 

Statistical analysis was obtained applying Kruskal–Wallis test followed by Dunn's post hoc test with 

p-value≤0.05, as cut-off. Data were expressed as mean values ± S.E.M. of 3-4 separate experiments 

performed in duplicate for each antibody. 

3.11. Statistical analysis 

To evaluate the diet effect in brain and periphery (PET, MRI, GTT and haemato-chemistry), statistical 

evaluation was performed using One Way analysis of variance (ANOVA) when comparing the three 

group of diet regimen while Two Way ANOVA were used for comparison of two variables including 

the diet regimen and gender and or time point. All tests were followed by Tukey's multiple 

comparisons. Statistically significant difference was accepted when p≤0.05. PET [18F]-FDG / [18F]-

VC701 tracer uptake values were correlated with BMI, and haemato-chemistry values including 

glycaemia, using a Pearson’s or Spearman’s r correlation analysis. Data were summarized into the 

heat map and expressed as r coefficient in which r = ± 0.7 were applied as significant cut off. All 

statistical evaluation was performed using Prism 7.04 (GraphPad Software Inc., CA, USA). Statistical 

analysis for [18F]-FDG roi-roi metabolic connectivity and for Western Blot analysis has been 

previously described in a dedicated paragraph. 
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4. RESULTS 

4.1. Characterization of the High Fat Diet induced-obesity mouse 

model 

Animals that undergo HFD or STD regimen were monitored weekly for different parameters, 

including body weight gain, caloric and energy intake, BMI and glycaemia. Sex difference were 

investigated among groups. All measurements were performed longitudinally from the beginning 

of the diet treatment until sacrifice, at 7-, 12-, 31- weeks from diet. 

Animals fed with the two different HFD (45% and 60%) showed a progressive increase in body 

weight in comparison to those fed with STD. Figure 11 showed male and female body weight 

increased in which a clear difference among sex could be appreciated (fig.11A/B). Male 60HFD mice 

exhibit higher and earlier body weight increased in comparison to STD diet starting from the 7th 

week of diet regimen that is maintained until sacrifice. 45HFD male mice showed statistically 

significant increase in body weight from the 10th week of diet regimen maintaining it until sacrifice. 

Instead, female HFD mice, in comparison to male HFD mice, gain much lower body weight during 

the period of diet regimen. 60HFD female body weight was like 60HFD male mice, becoming 

significant at 7th weeks after diet in comparison to STD. Otherwise, 45HFD female mice start to 

increase significantly their body weight in comparison to STD lately, around the 20th week of diet 

regimen. 

Energy intake was calculated measuring every day a certain amount of food (5g/mouse) with 

measurement of the excess the day after. Caloric intake was also calculated, multiplying the gram 

per day eaten by the mice per kcal/g of the specific diet regimen (STD 3.4 kcal/gr; 45HFD 4.73 

kcal/gr; 60HFD 5.24 kcal/gr). Data reported on the figure 11 C (male); D (female) showed almost the 

same results. Energy intake was similar between male and female mice. HFD mice showed lower 

energy intake in comparison to STD for both genders. Caloric intake, instead, showed higher value 

for both male and female in comparison to STD diet.  

As clinical practice used to define BMI to evaluate the grade of obesity, measurements were done 

also in all animals that undergo diet regimen. Male mice exhibit significant higher BMI value for all 

experimental groups longitudinally including also control mice (STD). Significance was reached for 

all groups at 35 weeks compared to 7- and 12-weeks post diet (fig.11 E). This result indicates that 

physiologically male mice increase their BMI as their body weight. However, when compared HFD 
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to STD group, only 60HFD male mice showed a significant increase of BMI after 35 weeks, as 

indicated in Figure 12A. 45HFD follows a trend of increase in BMI compared to STD even if not 

reaching statistical significance. On the contrary, female mice did not show physiological increase in 

BMI value (fig.11 E). Again, only 60HFD female mice showed significantly increased BMI at 31 weeks 

compared to STD and to 45HFD females (fig.12 B).  

 

Figure 11 

 

Figure 11 A High Fat Diet mouse model characterization and gender difference. A Increase male body weight. B 

increase female body weight, (* 60HFD vs STD maintained until sacrifice, $ 45HFD vs STD maintained until sacrifice). C 

energy (g/day) and caloric (Kcal/day) intake in male. D energy (g/day) and caloric (Kcal/day) intake in females. E 

longitudinal BMI (g/mm2) evaluation in male and female STD (grey), 45HFD (green) and 60HFD (red bars) mice after 7, 

12 and 35 weeks from diet. Data are expressed as mean ± SD; * 60HFD vs STD, $ 45HFD vs STD 

 

Taken together, these results indicate that 60HFD was able to induce a massive increase in BMI in 

male and in female mice while 45HFD in females showed a similar trend found in the control group. 
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Finally, figure 12 C/D showed mice body pictures taken before sacrifice at 35 weeks from the diet 

start and it is appreciable the increase in mass volume on 60HFD male and female animals compared 

to control groups.  

 

Figure 12 

 

 

Figure 12 High Fat Diet mouse model characterization and gender difference. BMI evaluation in male (A) and female 

(B) at 35 weeks of diet. Animal picture captured at sacrifice after 35 weeks of diet, C. From left to right: male STD; 45HFD; 

60HFD. D from left to right: female STD; 45HFD; 60HFD. Data are expressed as mean ± SD; * 60HFD vs STD, $ 45HFD vs 

STD 

 

Basal glycaemia and Glucose Tolerance Test (GTT) were also investigated to confirm Insulin 

Resistance that represent a typical metabolic dysfunction hallmark. Prior to glucose i.p. 

administration, fasting basal glycaemia was measured from the tip of the tail vein longitudinally at 

7- 12- and 31 weeks from diet. As expected, an age dependent trend toward an increase in basal 

glycaemia was observed in both sexes. This increase was found more pronounced in male mice in 

which both HFDs induce an increase in blood glucose concentration in fasting animals (fig.13A). 

45HFD female mice behave as STD mice in which a slight glucose concentration was found at 31 

weeks compared to the earliest time point. Even if not statistically significant, 60HFD female mice 

showed gradual increases in basal glucose level (fig13B). 
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Figure 13 

 

Figure 13 Fasting basal glycaemia. A male basal glycaemia measured during fasting condition at -7, -14, -31 weeks post 

diet; B female basal glycaemia measured during fasting condition at -7, -14, -31 weeks post diet. Data are expressed as 

mean ± SD; * 60HFD vs STD, $ 45HFD vs STD 

 

GTT was performed at different time points (4-, 7-, 12- and 31 weeks post diet) to investigate the 

appearance of IR hallmark and blood glucose concentration was measured at different times after 

glucose administration (15, 30, 45, 60 and 120 min post injection). In male, glucose tolerance 

occurred earlier, starting after 4 weeks of diet (fig.14A). The female GT was present only after 12 

weeks of diet (fig.14B). At 35 weeks GTT curve of HFD mice showed a significant increase of glucose 

concentration when compared to STD from 15 to 120 minutes after glucose load. In females, a 

similar effect of both HFD regimens was observed, but the load of glucose-affected glycaemia only 

lasted until 60 minutes. Taken together these results indicated that both HFD were able to increase 

mice BMI and glucose tolerance, effects that were more evident and earlier in males than in females. 

This data indicates a clear gender difference and timing dependent affecting metabolic dysfunction.  
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Figure 14 

 

Figure 14 Longitudinal Glucose Tolerance Test. A GTT at 4, 7, 12 and 31 weeks from diet in male mice. B GTT at 4, 7, 

12 and 31 weeks from diet in female mice; data are expressed as mean ± SD; * 60HFD vs STD, $ 45HFD vs STD 
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Finally, serum analysis on lipid profile was added on model characterization to investigate 

biochemical compounds involved in metabolic dysfunction. Compounds included total cholesterol, 

HDL, LDL for lipid evaluation and AST, ALT and Albumin liver process. From two different groups of 

animals that undergo PET and MR imaging, blood was collected at time of sacrifice and analysed in 

two different time points: 14- and 35-weeks of diet for both male and female. Sample size of the 

first time point includes 5 animals per group derived from MRI group plus 5 mice per group derived 

from PET imaging group for a total sample size of 10 mice per group of study including gender 

variable. Regarding 35 weeks post diet as of lately time point, 5 animals per group were included in 

the analysis derived from the PET group that undergo the longer longitudinal study. However, some 

samples were discarded due to the haemolysis of the sample analysed. 

Data obtained for the two time points regarding total cholesterol and its lipoproteins (HDL and LDL) 

for both male and female HFD mice were shown in figure 15. Total cholesterol was found to 

significantly increase for both sexes. 60HFD male mice showed higher total cholesterol after 14 

weeks of diet while both HFD groups exhibited higher total cholesterol compared to STD after 35 

weeks of diet. Female mice, instead, showed lower cholesterol value compared to male mice but 

both HFDs were able to increase in significant ways compared to STD in both time-point of analysis 

(fig. 15A). Serum level of a cholesterol lipoprotein HDL also called “the good cholesterol” for its 

beneficial factor of lowering blood lipid level, was found similar between gender and experimental 

group. In all animals, it was found an increase in HDL level on HFD mice at the two time point of 

analysis, as reported in figure 15 B. An increase, as expected, was also reported regarding LDL 

cholesterol lipoprotein but with high heterogeneity. 45HFD male and female mice showed 

significant increase of LDL level after 35 weeks while no difference was found at early time point 

due to the high variability (fig.15C). 
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Figure 15 

 

Figure 15 Longitudinal serum level analysis of different metabolic parameters. A Total Cholesterol. B High Dense 

Lipoprotein (HDL).C Low Dense Lipoproteins (LDL) at 14 and 35 weeks of diet in male (left) and female (right) animals; 

data are expressed as mean ± SD 

 

Liver functionality was also assessed across the serum of AST/ALT enzyme and albumin protein level. 

Early time point of analysis showed lower levels of hepatic serum enzymes in both experimental 

groups without significant changes while on late time point (35 weeks) a trend over an increase was 

detectable in all HFD groups despite gender variables. Statistical difference was found only for 

female 60HFD animals for ALT enzyme (fig.16B). No significant differences were detectable on 

albumin level even if an increase occurred in 35 weeks when compared to 14 weeks of diet (fig.16C). 

Nevertheless, despite high intergroup variability, these results indicate a change in liver processes 

upon HFD regimen both in male and female animals. 
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Figure 16 

 

Figure 16 Longitudinal serum level analysis of different metabolic parameters. A Aspartate transaminase enzyme 

(AST). B Alanine transaminase enzyme (ALT). C Albumin (Alb) at 14 and 35 weeks of diet in male (left) and female (right) 

animals; data are expressed as mean ± SD 
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4.2. Liver dysfunction assessment of HFD model 

Different body regions are affected during metabolic dysfunction. Among this, the liver region 

represents the major contributor in body metabolism in which lipid intermediates are involved in 

molecular mechanisms that lead to hepatic insulin resistance and hyperglycaemia (Perry et al., 

2014). To this topic, hepatic lipid content was characterized using MR spectroscopy to confirm 

alteration occurring during HFD. 1H-NMR spectroscopy was performed on a dedicated animal at 

two time points, 4 and 12 weeks after diet consumption. The two-time point was selected based on 

previous publication with two biological questions: time point of raising of lipid content and gender 

difference response (Soares et al., 2018). Results obtained indicate a slight increase in total hepatic 

lipid content (%HLC) for both sexes at 4 weeks of diet while significant increases were detected after 

12 weeks in all the experimental groups of study (fig.17B/C). Along with these results, male mice 

exhibit progressive increase in %HLC as the increase in diet composition. On the contrary, 45HFD 

female mice showed greater enriched lipid components compared to the STD group and to 45HFD 

at an early time point. Longitudinal analysis on male mice showed significant higher lipid content on 

60HFD mice at 14 weeks when compared to the 12 weeks of diet. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



SCUOLA DI DOTTORATO 

UNIVERSITÀ DEGLI STUDI DI MILANO-BICOCCA 

 

 

50 

 

Figure 17 

 

 

Figure 17 1H-NMR spectroscopy on liver region during HFD. A T2 MRI fat suppression (left) and non-fat suppression 

images (right) representation of male and female liver per group of study (STD, 45HFD and 60HFD) at 12 weeks from 

diet. B 1H-NMR spectroscopy quantification of percentage of hepatic lipid content (%HLC) in male and female mice at 4 

and 12 weeks of diet. C 1H-NMR spectra of water and lipid peak obtained using spectroscopy analysis in male and female 

at 4 and 12 weeks of diet. Data are expressed as mean ± SD 
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Immunohistochemistry analysis on liver samples collected after sacrifice confirm lipid deposition 

into the liver parenchyma. Figure 18 showed H&E staining enhancing lipid deposition in HFD 

animals. Particularly evident in the 60HFD and 45HFD male mice (fig.18A) while female exhibit less 

lipid deposition, visible only on the 60HFD group (fig.18B). These results are in line with what 

observed on previous liver analysis on male mice while in female mice, even if % of HLC was high, 

lower lipid deposition was observed in the H&E staining.  

 

Figure 18 

 

Figure 18 Hematoxylin and eosin (H&E) staining on HFD liver sample. A Male H&E staining in STD, 45HFD and 60HFD 

mice at 14 weeks of diet. B Female H&E staining in STD, 45HFD and 60HFD mice at 14 weeks of diet black arrow indicate 

lipid deposition inside the liver parenchyma, 15x magnification 

 

Another parameter was measured in MRI to determine the increase in body circumference as a 

typical sign of metabolic dysfunction. MR T2 weighted sequence was applied to the liver region and 

using fat suppression and segmentation analysis, intra-abdominal fat accumulation was measured 

among HFD animals. Results in figure 19 revealed substantial fat accumulation in male HFDs mice 

compared to females. Anyhow, both animals showed significant increase in intra-abdominal fat 
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accumulation on late time point of analysis, but males showed higher visible visceral fat 

accumulation. 

Altogether, data obtained from liver MRI evaluation confirm that male mice represent the major 

sex affected in the metabolic dysfunction and it is in relation to what seen in the characterization 

data sets of the HFD model.  

 

Figure 19 

 

Figure 19 Intra-Abdominal fat accumulation and liver lipid droplets. A T2 MRI fat suppression (left) and non-fat 

suppression (right) representation of male intra-abdominal fat accumulation per group of diet (STD, 45HFD and 

60HFD) at 12 weeks from diet. B T2 MRI fat suppression (left) and non-fat suppression (right) representation of female 

intra-abdominal fat accumulation per group of diet (STD, 45HFD and 60HFD) at 12 weeks from diet. C fat volume 

longitudinal quantification in male mice at 4 and 12 weeks of diet. D fat volume longitudinal quantification in female 

mice at 4 and 12 weeks of diet. Red arrows indicate visceral fat accumulation. Data are expressed as mean ± SD 
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4.3. HFD brain glucose metabolism 

Brain glucose metabolism was investigated in the HFD model in order to describe brain responses 

to the metabolic syndrome and to analyse different brain region alteration in male and female mice. 

PET [18F]-FDG brain imaging was performed longitudinally on a dedicated animal, replicated two 

times and results pool together to obtain an enough sample size for the analysis. As the glucose 

represents the major brain fuel, data were reported as ratio to total brain to investigate relative 

changes in brain region and in SUV to reveal if IR affected brain glucose consumption.  

Early time point of analysis (7 and 12 weeks) did not reveal any significant difference among group 

and different brain regions compared to STD (fig. 20A/B) while after 35 weeks male HFDs mice 

revealed relative increment of [18F]-FDG uptake occurring in the anterior part of the brain and a 

decrease was detected in cerebellar region (fig20C).  
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Figure 20 

 

Figure 20 Brain glucose metabolism in HFD male and female mice. A Brain region [18F]-FDG uptake in male (left) and 

female (right) mice at 7 weeks of diet regimen. B Brain region [18F]-FDG uptake in male (left) and female (right) mice at 

12 weeks of diet regimen. C Brain region [18F]-FDG uptake in male (left) and female (right) mice at 31 weeks of diet 

regimen. Data are expressed as ratio to total brain uptake, mean ± SD 
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Specifically, olfactory bulb and anterior cortex showed significant relative increase in glucose uptake 

of 60HFD compared to STD mice at 31 weeks from diet regimen (fig. 21A/B). These relative changes 

were observed in female mice only for olfactory bulb region. Significant decrease was detected in 

the cerebellum of male HFDs mice while a trend was observed in females (fig. 21C). On the other 

hand, considering the whole groups of animals, SUV brain uptake of [18F]-FDG was significantly 

reduced in 60HFD mice in comparison with STD mice only at weeks 7 (STD SUVmean: 2.30; 45HFD 

SUVmean: 1.88, 60HFD SUVmean: 1,69 *p=0.014). In male mice a trend of decrease was found at 

31 weeks for the SUV total brain uptake (fig.21D). 
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Figure 21 

 

Figure 21 Brain glucose metabolism in HFD male and female mice at 35 weeks from diet. A [18F]-FDG bran ratio tot 

total brain of olfactory bulb in male (left) and female (right) mice after 35 weeks of diet. B [18F]-FDG bran ratio tot total 

brain of anterior cortex in male (left) and female (right) mice after 35 weeks of diet. C [18F]-FDG bran ratio tot total brain 

of cerebellum in male (left) and female (right) mice after 35 weeks of diet. D [18F]-FDG total brain SUV uptake in male 

(left) and female (right) mice at 35 weeks of diet. Data are expressed as mean ± SD 
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Group comparison indicated that with the exclusion of olfactory bulbs, in male brain, metabolism 

was more susceptible to HFD and that the effects observed were region specific. 

We wondered whether different biochemical parameters measured peripherally could be 

correlated to the glucose relative increase/decrease in the brain. To this end, correlation analysis 

was performed between all ratios to total [18F]-FDG brain region uptake to different factors including 

BMI, glycaemia and serum analysis of enzymes and proteins.  

Heat map of Pearson’s r coefficient reported in figure 22 revealed sex and regional differences in 

brain response to HFD. In male, brain regions were positively (red) or negatively (green) associated 

with BMI values and haemato-chemical parameters. In females this effect was scatter and not 

uniform. In male, positive correlation with strong (r>7 p<0.01) r positive values were significant 

between olfactory bulbs and cortex (including the anterior part) with BMI, total cholesterol and HDL, 

and whereas for the striatum Pearson’s r value was significant only with total cholesterol. As for 

negative correlation, significant Pearson’s r values were found between brainstem with and BMI 

and between cerebellum with and total cholesterol. In females, olfactory bulbs were significantly 

associated with ALT and striatum with AST. Finally, cerebellum that was negatively associated with 

ALT. Interestingly, no association were found in hypothalamus, hippocampus and thalamus, regions 

involved in regulation of food intake.  Weak or no correlation were found for glucose and albumin. 

Data obtained from PET [18F]-FDG and from correlation analysis indicated that in male but not in 

female mice HFD caused a redistribution of brain glucose uptake and that the modifications 

observed were associated with BMI and marker of systemic metabolic dysregulation. In females the 

effect was less evident and related to liver enzymes. 
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Figure 22 

 

Figure 22 Heat map of glucose uptake correlation to peripheral biomarkers. A Male correlation matrix reporting 

Pearson’s r at 35 weeks of diet of [18F]-FDG regions uptake (ratio to total brain) to peripheral biomarkers. B A Female 

correlation matrix reporting Pearson’s r at 35 weeks of diet of [18F]-FDG regions uptake (ratio to total brain) to peripheral 

biomarkers. Red color indicates highly positive correlation (r=+0.7) while green negative correlation (r=-0.7) 

 

4.4. Brain inflammation during HFD 

Metabolic dysfunction was associated with low-grade inflammatory state due to the excessive free 

fatty acid deposition that is associated with increase in mitochondrial dysfunction, oxidative stress, 

proinflammatory cytokines and ROS species productions (Forrester et al., 2018). To this end, we 

wondered whether HFD could affect microglial activation which triggers upon homeostasis 

disturbance and neuroinflammatory state. TSPO radiotracer [18F]-VC701 was used in in-vivo 

longitudinal PET imaging in all HFD male and female mice for the evaluation of activated 

microglia/macrophages. 

Longitudinal analysis revealed significant increase in ratio to muscle [18F]-VC701 tracer uptake all 

over the brain in 45 and 60HFD male mice after 31 weeks of diet compared to 7/12 weeks of diet 

(fig.23B/C left). Female mice showed the same significant increase in brain uptake only for the 

60HFD group of animals at 31 weeks compared to the earlier time point of study (7 weeks) (fig.23C). 

This observation was statistically significant for all brain regions analysed.  
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Figure 23 

 

Figure 23 [18F]-VC701 longitudinal brain uptake in HFD mice. A Brain region [18F]-VC701 uptake in male (left) and female 

(right) mice at 7 weeks of diet regimen. B Brain region [18F]-VC701 uptake in male (left) and female (right) mice at 12 

weeks of diet regimen. C Brain region [18F]-VC701 uptake in male (left) and female (right) mice at 35 weeks of diet 

regimen. Data are expressed as ratio to muscle uptake, mean ± SD 
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To better evaluate sex and diet effect on brain inflammation and microglial involvement, at the end 

of the experiment, Iba-1 marker for the activated microglial was measured post-mortem in the 

anterior cortex of male and female mice. Results showed a significant increase in Iba-1 level in 

60HFD male mice and a trend toward an increase in 45HFD compared to STD, confirming [18F]-VC701 

PET results while female mice exhibit significant increase only for the 45HFD group when compared 

to STD, as shown in fig.24B. 

These results suggest that a prolonged HFD exposure impacts a generalized microglial/macrophages 

activation, both in male and female mice. 

 

Figure 24 

 

Figure 24 [18F]-VC701 PET assessment of neuroinflammation in HFD brain. A [18F]-VC701 PET brain uptakes images of 

male mice (left) and female mice (right), images are reported as ratio to muscle. B Iba-1 protein level quantification in 

anterior cortex of HFD male (above) and female (below) mice at 35 weeks from diet. Data are expressed as mean ± 

SEM 

 

Furthermore, we investigated if [18F]-VC701 tracer uptake increased could be related to the 

biochemical parameters derived from serum analysis and with BMI/glycaemia. To this end, as for 

glucose metabolism, we performed correlation study on neuroinflammatory radiotracer. 



SCUOLA DI DOTTORATO 

UNIVERSITÀ DEGLI STUDI DI MILANO-BICOCCA 

 

 

61 

 

Notably, we obtained similar results as for the [18F]-FDG tracer correlation analysis. Again, in male 

mice, [18F]-VC701 normalized uptake value exhibited a highly positive correlation with BMI, total 

and LDL cholesterol, ALT and albumin in almost brain regions (fig.25A). Differentially to what 

observed with brain metabolism, no association was found with circulating HDL. Remarkably, 

female mice showed lower significant positive correlation between tracer and biochemical 

parameters despite a slight positive correlation occurring between all brain region tracer uptake 

and rising of glycaemia which was not so pronounced in male animals (fig.25B).  

 

Figure 25 

 

Figure 25 Heat map of TSPO tracer uptake correlation to peripheral biomarkers. A Male correlation matrix reporting 

Pearson’s r at 35 weeks of diet of [18F]-VC701 regions uptake (ratio to muscle) to peripheral biomarkers. B Female 

correlation matrix reporting Pearson’s r at 35 weeks of diet of [18F]-VC701 regions uptake (ratio to muscle) to peripheral 

biomarkers. Red colour indicate highly positive correlation (r=+0.7) while green negative correlation (r=-0.7) 
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4.5. Anterior cortex transcriptomic characterization under HFD 

regimen 

Among all brain regions analysed in in vivo imaging study, anterior cortex showed an interesting 

reactivity to HFD regimen. Therefore, the impact of HFD on anterior brain cortex gene expression 

was studied. To this end, we performed transcriptomic analysis on bulk tissue to characterize male 

and female HFD anterior cortex, as the region implicated in many brain circuits also involving 

behaviour and cognition. 

Interesting diet- and sex-related changes were found in gene expression transcriptome profile. By 

applying a setup of Fold Change=2 and p-value≤0.05, male mice revealed 1215 differentially 

expressed genes (DEGs) in the 60HFD vs STD comparison, in which 287 and 928 genes were up-

regulated and downregulated respectively and 1332 DEGs for the 45HFD vs STD comparison, 

including 390 up-regulated and 942 downregulated genes (Figure 26A). A total of 2360 genes were 

detected in 60HFD female mice as DEGs whereas 1846 DEGs were selected in the 45HFD versus STD 

group (fig. 26B). Moreover, downregulation was again more prominent including 1532 genes for 

60HFD and 1273 genes for the 45HFD group. Volcano plot reported in figure 28 A/B/C/D showed all 

significant genes that were found up or down regulated. 

 

Figure 26 

 

Figure 26 Differentially expressed genes (DEGs) in anterior cortex during HFD. A Male DEGs on half anterior cortex at 

35 weeks from diet in 60HFD and 45HFD versus STD group. B Female DEGs on half-anterior cortex at 35 weeks from 

diet in 60HFD and 45HFD versus STD group 
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Venn diagram analysis of diet common genes in male mice revealed that 650 out of 1332 of the 

45HFD genes were in common with the 1215 genes induced by 60HFD group, suggesting that HFD 

transcriptional changes seems to be already initiated in a 45HFD male brain mice (Figure 27E). 

Similar results were also observed in females. Venn diagram of Gene lists revealed that about 1368 

out of 1846 45HFD genes were in common with the 2360 genes induced by 60HFD female mice 

(Figure 27F). 

Gene Ontology (GO) analysis performed for the 1215 60HFD modulated genes in male mice showed 

a specific enrichment for genes belonging to the following functional annotation categories: nervous 

system development; modulation of chemical synaptic transmission; modulation of excitatory 

postsynaptic potential; positive regulation of synaptic transmission (Figure 28A).  Kyoto 

Encyclopaedia of Genes and Genomes (KEEG) Pathways analysis found, for the same male 60HFD 

modulated genes, the following categories: Synaptic Vesicle Cycle; Glutamatergic synapses; Thyroid 

Hormone Signalling pathways; cAMP signalling pathways (Figure 28B). GO analysis for the 

modulated genes in 60HFD female brain anterior cortex, found enrichment for genes mainly 

belonging to nervous system development; positive regulation of neuron projection development; 

anterograde trans-synaptic signalling; chemical synaptic transmission (Figure 28C). KEEG Pathways 

analysis revealed for females the following categories: Glutamatergic synapses; Protein processing 

in endoplasmic reticulum; Dopaminergic synapse (Figure 28D). 
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Figure 27 

 

Figure 27 Volcano plot and Venn diagram of DEGs in male and female anterior cortex. A Volcano plot of 60HFD vs STD 

male mice. B Volcano plot of 45HFD vs STD male mice. C Volcano plot of 60HFD vs STD female mice. D Volcano plot of 

45HFD vs STD female mice. Green spots indicate significantly downregulated genes while red spots indicate significantly 

upregulated genes. E Male Venn diagram of commonly shared genes between 60HFD and 45HFD. F Female Venn 

diagram of commonly shared genes between 60HFD and 45HFD 
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Figure 28 

 

Figure 28 Gene Ontology (GO) and KEGG pathways analysis of specific genes enrichment. A GO analysis of 60HFD vs 

STD male mice. B KEGG analysis of 60HFD vs STD male mice. C GO analysis of 60HFD vs STD female mice. D KEGG analysis 

of 60HFD vs STD female mice. The length of each bar within the brighter red color represent the significance of specific 

gene-set 
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Finally, another GO analysis was performed to better define the specific genes modulated in the 

60HFD condition that were upregulated or downregulated in both, male and female anterior cortex. 

First, we performed Venn diagram comparison of all genes modulated, in which 785 genes were 

commonly induced in male and female mice which annotation belongs to “nervous system 

development” whereas 1575 and 430 genes were specifically modulated in female and male 

respectively (Figure 29). Male mice GO data showed 287 upregulated genes with a specific 

enrichment for the “positive regulation of muscle cell differentiation” and specific enrichment was 

found for the 828-upregulated genes in 60HFD female mice, belonging to “response to glucagon”, 

indicating possible female control of the glucagon/insulin metabolic processes.  

Nervous system pathway includes Sema5A, CNTF and ACHE transcript associated with axonal 

guidance, neuronal development, cell signalling, differentiation and synaptic transmission (Lin et al., 

2009; Blotnick and Anglister, 2016; Savolainen et al., 2018). 

The female’s exclusive pathway regarding response to glucagon include CREB1, ADC and GNG11 

genes involved in glucagon effect, brain metabolism and cellular senescence (Jin et al., 2013; 

Hossain et al., 2006; de Mooij-van Malsen et al., 2009). Male’s exclusive pathway include RBM4, 

BNIP2, NRG1 involved in neurite outgrowth, cell differentiation and regulation of splicing 

mechanism including these related to tau protein isoform, regulation of inflammatory factor 

(RBM4), cell apoptosis (BNIP2) and synaptic plasticity (NRG1) (Kar et al., 2006; Du et al., 2020; 

Huangfu et al., 2020; Levchenko et al., 2020; Mouton-Liger et al., 2020). The results obtained for the 

same analysis for the 60HFD groups were reported in the figure 30. 
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Figure 29 

 

Figure 29 Venn diagram comparison of commonly induced genes in anterior cortex of male and female HFD mice 

 

Figure 30 

 

Figure 30 GO and KEGG analysis of specific up regulated or down regulated genes belonging exclusively to 60HFD 

male or female mice A GO analysis of upregulated DEGs in male 60HFD mice. B GO analysis of upregulated DEGs in 

female 60HFD mice. C GO analysis of down regulated DEGs in male 60HFD mice. D GO analysis of downregulated DEGs 

in female 60HFD mice. The length of each bar within the brighter red color represent the significance of specific gene-

set 
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Taken together, these results showed an interesting de-regulation of gene expression in anterior 

cortex upon HFD regimen, with a prominent down regulation concerning the nervous system 

pathways. These biological processes found in the analysis appear to be similar in both male and 

female mice without any evident gender differences despite the response to glucagon, which was 

exclusively found for female mice. In conclusion, the pathways identified by gene expression 

analysis need further investigation to dissect the exact role in our model. 

4.6. Anterior cortex post-mortem analysis 

As for the transcriptome analysis, again, we wondered whether HFD could influence AKT signalling 

in the anterior cortex region as mechanism has been involved in the metabolism regulation, cell 

survivor, neurotrophic factor, growth and synaptic plasticity and has been linked to psychiatric 

disorder such as depression and anxiety like behaviour (Hers et al., 2011; Hauger et al., 2012). 

In fact, we found a tendency toward an increase in both total AKT level and pAKT/AKT in the 60HFD 

male mice, without reaching significant value (fig. 31A). On the contrary, female 60HFD animals 

showed statistically significant increased level in both total AKT (χ2=7.2; p=0.0178) and pAKT/AKT 

(χ2=5.7; p=0.048) when compared to STD group, as reported in figure 31B.  

 

Figure 31 

 

Figure 31 Western Blot analysis of the half-anterior cortex of HFD male and female mice. A Total AKT and pAKT 

protein level in the anterior cortex of male HFD mice. B Total AKT and pAKT protein level in the anterior cortex of 

female HFD mice. Data are normalized to the total GAPDH content and to control group and expressed as mean ± SEM 
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Finally, these data establish that a modulation of AKT activity occurs upon HFD regimen in which 

female mice are subjected.  

4.7. Explorative analysis on brain metabolic connectivity during HFD 

An explorative analysis was performed to address brain metabolic connectivity using pre-selected 

[18F]-FDG roi-roi uptake for diet-related alterations in the brain. Analysis was performed in the two-

time point (12 and 31 weeks of diet) in a population study (pooling male and female mice) and 

divided in three groups: STD (control group), 45HFD and 60HFD.  

Different correlations among groups were found statistically significant and were reported in table 

6 for the two time points of the study. Table 6 indicates all the correlations that were significant in 

at least one group of study, but the same correlations were reported also in groups that didn’t reach 

significance in order to visualize the changes among groups or during time points of the same 

correlation. Pearson’s r and relative p-value that indicated in bold black represent the significant 

correlation found in STD and HFDs groups.  

 

Table 6 Brain [18F]-FDG roi-roi correlation at 12 and 31 weeks from diet 
 

p value on Pearson's R 12 weeks  31 weeks  

  STD 45HFD   60HFD STD 45HFD   60HFD 

Roi-Roi correlation r p value r p value r p value r p value r p value r p value 

olfactory bulb-anterior cortex 0,49 0,058 0,31 0,237 0,18 0,488 -0,002 0,996 0,91 0,0013 0,87 0,01 

olfactory bulb-whole cortex 0,44 0,099 0,54 0,029 0,69 0,003 0,91 0,001 0,22 0,586 0,57 0,179 

olfactory bulb-cerebellum -0,66 0,0006 -0,56 0,021 -0,64 0,007 -0,79 0,019 -0,66 0,07 -0,86 0,012 

anterior cortex-striatum 0,11 0,686 0,66 0,004 -0,02 0,917 0,2 0,633 0,51 0,187 0,42 0,34 

anterior cortex-hippocampus -0,68 0,005 -0,04 0,854 -0,72 0,001 0,2 0,633 -0,37 0,366 -0,01 0,969 

anterior cortex-thalamus -0,32 0,244 0,45 0,078 -0,7 0,002 -0,31 0,757 0,19 0,649 -0,12 0,502 

whole cortex-hypothalamus -0,13 0,631 -0,47 0,061 -0,61 0,01 -0,64 0,084 -0,91 0,001 -0,88 0,008 

whole cortex-thalamus -0,84 ≤0,0001 -0,69 0,002 -0,78 0,0003 -0,89 0,003 -0,57 0,134 -0,68 0,088 

whole cortex-brainstem -0,64 0,009 -0,63 0,008 -0,74 0,0009 -0,82 0,01 -0,92 0,0008 -0,9 0,005 

striatum-thalamus -0,02 0,933 0,45 0,077 0,17 0,516 -0,4 0,32 0,85 0,007 0,73 0,057 

striatum-hypothalamus 0,56 0,026 0,76 0,0006 0,46 0,072 0,19 0,639 0,62 0,095 0,71 0,07 

striatum-cerebellum -0,62 0,012 -0,52 0,037 -0,63 0,006 -0,6 0,113 -0,6 0,113 -0,55 0,194 

hippocampus-thalamus 0,53 0,038 0,62 0,01 0,76 0,0006 0,03 0,938 0,38 0,344 0,37 0,409 

thalamus-brainstem 0,41 0,125 0,21 0,43 0,42 0,181 0,89 0,003 0,34 0,407 0,78 0,037 

hypothalamus-thalamus -0,05 0,846 0,35 0,178 0,68 0,003 0,68 0,062 0,75 0,03 0,82 0,022 

hypothalamus-brainstem 0,61 0,013 0,62 0,009 0,51 0,042 0,85 0,007 0,8 0,016 0,83 0,019 

amygdala-cortex 0,39 0,146 -0,16 0,547 0,15 0,572 -0,15 0,705 -0,93 0,0007 -0,86 0,01 

amygdala-striatum 0,59 0,018 0,63 0,008 0,6 0,012 0,61 0,106 0,56 0,147 0,63 0,122 

amygdala-hypothalamus 0,8 0,0003 0,86 ≤0,0001 0,44 0,08 0,72 0,04 0,98 ≤0,0001 0,96 0,0004 

amygdala-brainstem 0,23 0,394 0,49 0,051 0,054 0,842 0,39 0,326 0,86 0,006 0,87 0,009 

 

Along with different changes, two correlations were found stable among the group and during time: 

cortico-thalamic and cortico-brainstem connectivity were found significantly negatively correlated 

in all experimental groups of study, in the two time-point of analysis. At 12 weeks of diet this 
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negative correlation was maintained in all groups of study with significant r value (see table 6). At a 

late time point, due to the reduced sample size available for the analysis, the control group 

significantly maintained both correlation while only cortex to brainstem correlation was significant 

in the HFD group. The cortico-thalamic correlation loses the significant p-value due to the small 

sample size but remains negatively correlated (45HFD r=-0,57; 60HFD r=-0,68). 

Figure 32 shows all the significant correlation found between brain regions analysed in the STD and 

HFDs group in which heat map Pearson’s r were reported indicating positive or negative value. After 

12 weeks of diet 45HFD mice showed 8 significant correlations, 5 new correlations, 3 maintained 

and 3 loss correlations when compared to the STD group. A brain connectivity graphical 

representation was reported to better visualize direct connection between different brain regions. 

60HFD, instead, indicates more significant correlation found indicating greater metabolic changes 

occurring in this type of diet. Totally, 11 correlation was found statistically significant from which 4 

correlation maintained compared to STD, 6 new correlation and 1 loss. 

In order to assess the diet-related alterations in metabolic correlations strength, z test was 

performed using z score (Pearson’s r transformed to z score trough Fisher transformation). No 

significant difference was found when compared 45HFD or 60HFD to STD mice. Significant 

correlations strength was found only when comparing the two types of HFDs. Specifically, 60HFD 

showed less strength of correlation when compared to 45HFD for the amygdala-hypothalamus 

correlation (z test p-value: 0.019) while gain of strength negative in anterior cortex-hippocampus 

correlation (z test p-value: 0.014). 
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Figure 32 

 

Figure 32 Correlation between different brain regions in HFD at 12 weeks of diet. A Schematic representation of 

significant correlation obtained from [18F]-FDG roi-roi analysis in STD, 45HFD and 60HFD population (including both male 

and female mice) at 12 weeks from diet. White connection indicates correlation maintained as in STD group; Green 

connection indicates new correlation found in 45HFD mice while red connection indicates new correlation found in 

60HFD mice. B Heat map reporting significant Pearson’s r correlation coefficient found in STD, 45 and 60HFD animals 

 

Chronic HFD diet exposure (up to 31 weeks of diet) showed similar results of correlations obtained 

at an early time point. Maintained correlations found in STD and HFDs that were not influenced by 

diet were also observed on late time point of analysis even if with smaller sample size available for 

the analysis. However, a lower number of correlations was found statistically significant as indicated 

in table 6. Among this, 45HFD mice showed three correlations indicate significant strength of 

correlation in the analysis performed comparing HFD to STD. Positive gain of correlation compared 

to STD for the olfactory bulb-anterior cortex correlation as confirmed also by z test for the 

connectivity strength (r=0.91, z test p-value: 0.009). Same trend was also observed for the 60HFD 

but not statistically significant (r=0.87). More powerful negative correlation occurred between 

amygdala and cortex (z test p-value:0.014) while gain of positive connection between amygdala and 

hypothalamic region (z test p-value: 0.018). Comparison between two HFD groups showed a non- 
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significant difference in the strength of connectivity. Figure 33 reported all correlations that were 

significant at 31 weeks of diet. 

 

Figure 33 

 

Figure 33 Correlation between different brain regions in HFD at 35 weeks of diet. A Schematic representation of 

significant correlation obtained from [18F]-FDG roi-roi analysis in STD, 45HFD and 60HFD population (including both male 

and female mice) at 12 weeks from diet. White connection indicates correlation maintained as in STD group; Green 

connection indicates new correlation found in 45HFD mice while red connection indicates new correlation found in 

60HFD mice. B Heat map reporting significant Pearson’s r correlation coefficient found in STD, 45 and 60HFD animals 

 

Summarizing, these explorative results indicate that chronic exposure to HFD could strengthen the 

correlation between different brain regions and induce changes in brain metabolism yet in earlier 

time points. These data are very preliminary due to the small sample size used and should be 

considered as a start point for further analysis. 
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5. DISCUSSION 

5.1. Sex dimorphism in response to high fat diet induce metabolic 

syndrome  

High fat diet is widely used to induce obesity in animal models and to study biological modifications 

associated with modern west style diets. Prolonged high caloric diet, particularly using fat rich in 

saturated fatty, triggers metabolic disorders, insulin resistance and T2D (Pedditzi et al., 2016). A 

limited knowledge of gender dependent physiological responses to MetS and obesity had been 

reached nowadays, as many publications in this field include only male as preferred sex. Our 

investigation aims to investigate sex differences during chronic exposure to HFD induce obesity. In 

specific, we used young male and female C57Bl/6 mice, a mouse model that favour diabetes and 

obesity development, to study the effect on prolonged exposure on two type of HFD high reached 

in lard (45% and 60%), in periphery and in central nervous system. Understanding sex dimorphism 

in metabolic disorders constitute an important component for the aetiology insight, both in human 

and in rodents, and in this latter one, taking in account also the strain (Wang et al., 2011). 

Nevertheless, most of the in vivo studies of MetS focused mainly on male mice as females reveal 

higher variability due to the estrogen cycle (Beery and Zucker, 2011). In our research, we include 

female mice with the purpose to describe not only the effect of HFD induced IR and MetS but also 

gender difference response. Despite a similar caloric intake, we observed a sex dependent 

differences in weight gain and metabolic response to HFD. Glucose tolerance, circulating glucose, 

cholesterol and BMI were higher in male mice, for both types of diet. These results are in agreement 

with studies published by others, reporting a higher vulnerability of body weight gain and metabolic 

alteration in comparison with pre-menopausal females (Hwang et al., 2010; Freire-Regatillo et al., 

2020). From serum level analysis, we observed that both cholesterol components, HDL and LDL, 

increase after HFD consumption in male and female mice. An HFD induced increase of HDL levels is 

well-known in the mouse strain used in our study. However, the increase of HDL remains stable over 

time, whereas the increase of LDL was maximum for both sex at 35 weeks with a resulting increment 

of LDL/HDL ratios (Li et al., 2020).  
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5.2. Female are protected by HFD induced steatosis and abdominal 

fat accumulation 

Obesity and MetS are described as a consequence of adipose tissue dysfunction and increase in 

waist circumference (Ghaben and Scherer, 2019). Using MRI, we found that both male and female  

mice fed with HFD exhibited increased in total hepatic lipid content in which females showed the 

highest response. Contrary to what was observed for % of hepatic lipid content at MRS, post-

mortem IHC revealed higher and larger lipid droplets in male. As shown by Meda C, et al., under 

HFD in premenopausal female, liver reduce denovo lipogenesis and promote FA catabolism and by 

reducing lipid deposition, toxic accumulation of lipid droplet and circulating FA are lower (Meda et 

al., 2020). Similar effects were reported in the same study for cholesterol.   

As for lipid droplet accumulation, in male intra-abdominal fat volume was definitely higher than in 

female, again confirming a sex dependent protection from HDF. This female result could be 

attributed to premenopausal lifetime in which female mice are studied and an effect associated 

with estrogen activity (Gambacciani et al., 1997; Clegg et al., 2007). 

5.3. Brain metabolism and specific circuitry are modified in HFD 

induce metabolic syndrome 

Using PET as an imaging tool and glucose analogue radiotracer [18F]-FDG, it is possible to measure 

regional brain energy consumption related to glucose. 

Results from brain PET [18F]-FDG studies on obese or overweight subjects are heterogeneous and 

controversial. For example, whereas in the study of Volkow et al., BMI was negatively correlated 

with brain metabolism in prefrontal region, Wang et al., reported a positive correlation between 

brain FDG uptake and BMI (Wang et al., 2002; Volkow et al., 2009; Liu et al., 2017). Increased 

metabolism in posterior cingulum gyrus was also reported in sever obese woman in comparison 

with lean subjects’ candidate that undergo to bariatric surgery (Marques et al., 2014; Rebelos et al., 

2019; Nota et al., 2020). Sala et al. showed positive correlation between BMI and metabolic activity 

in aged female healthy volunteers (Sala et al., 2019). The heterogeneity of results and regional effect 

depends on the sampled population (BMI range, sex, age, presence of metabolic modifications and 

type of analysis: absolute quantification, SUV or relative FDG uptake).  From group analysis, we 

found that in mice fed for 31 weeks with two regimens of HFD, the effect on FDG uptake depend on 

diet, time and sex. In particular, we failed to find any significant effects on global FDG uptake 
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measured as SUV if not at an early time after the beginning of HFD. No regional effect on SUV was 

present at regional level. When data were normalized for global uptake, we found after 31 weeks, 

a relative increase in the olfactory bulbs for male mice with both 45 and 60 HFD and only with the 

higher regimen in females. In fact, the olfactory bulb is connected with different brain regions 

including the olfactory cortex, hypothalamus, hippocampus, amygdala and cerebellum and 

participates in regulation of feeding behaviour. Recent findings demonstrated that this region 

participates to the regulation of peripheral metabolism and weight gain and this central role may 

explain both the increased metabolism as well as the positive association with peripheral markers 

observed in both females and male (Riera et al., 2017). 

HFD affected also the anterior cortex and cerebellum producing a relative increment in the former 

and decrement in the latter. These data were confirmed by the correlation analysis showing that in 

male HFD, the redistribution of regional brain metabolism correlated all over the brain with BMI and 

peripheral metabolites except for hippocampus and hypothalamus whereas in females it was 

limited to selected brain regions and metabolite. In male the stronger associations were found for 

BMI and cholesterol and in females with ALT serum level. 

All together, these finding indicated that male and female brain metabolism is differently affected 

by HFD and that the modification occurring reflect the sex driven response of periphery to a high 

fat dietetic regimen. This finding could be also associated with neural circuits involved in olfactory, 

sensory, reward and memory processing in which different cortical and subcortical regions are 

involved (Green et al., 2011; Blum et al., 2012). 

5.4. Neuroinflammatory response are similar in HFD male and female 

mice 

Low-grade neuroinflammation state in MetS has been also evaluated in our study using PET imaging 

[18F]-VC701as radiopharmaceutical. [18F]-VC701 is an agonist of TSPO receptor, whose levels 

increase on activated microglia/macrophages and astrocytes in response to neuronal or 

environmental injuries. This radiopharmaceutical has been developed in our laboratory and applied 

in different neuro-inflammatory conditions (Belloli et al., 2018; Murtaj et al., 2019). 

Indeed, we showed that in both male and female HFD mice after longer exposure to HFD, 

neuroinflammation occurs, particularly for the 60HFD group but male start to show increased 

neuroinflammatory response earlier, starting from 12 weeks of HFD. Western blot data confirm 
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increased microglial activation in 60HFD male mice while female mice showed higher Iba-1 protein 

level in the 45HFD group.  

To our knowledge, only one study explored brain inflammation using in vivo TSPO PET tool in HFD 

condition associated to AD and only in male mice, indicating increased TSPO uptake level associated 

to astrocyte and microglial activation in obese AD mice with transient response (Barron et al., 2016). 

Indeed, recent published article by Robinson and colleagues, investigate diet and metabolic status 

in AD mice under HFD condition including gender difference. Results showed that female HFD AD 

mice are more compromise than male HFD AD mice. Nevertheless, when compared control HFD 

male vs control HFD female, similar results were obtained as in our study, indicating male mice as 

more vulnerable sex, with more compromise glucose tolerance, major inflammatory reaction and 

greater liver dysfunction (Robison et al., 2020). 

As for FDG, in male we found significant correlation between brain effect, BMI, peripheral metabolic 

markers associated with TSPO tracer. Indeed, in male brain region, we found a significant positive 

correlation between increase in TSPO tracer within the increase in glycaemia, BMI and serum level 

components, despite for HDL “the good cholesterol component”, which failed to significantly 

correlate as other biomarkers. On the contrary, female animals did not show any positive correlation 

despite a slight positive correlation with glycaemia.  

Overall, our results indicate that HFD promotes brain inflammation and that in male this effect is 

associated with the peripheral response to the diet.  

5.5. Anterior cortex revealed alteration in genome transcriptome 

and Akt activity upon HFD regimen 

In order to better understand the molecular modification occurring in the anterior part of the cortex 

we performed a transcriptomic analysis on post-mortem specimens collected at 35 weeks after the 

beginning of the diet.  

To our knowledge, a limited number of studies were focused on the effect of HFD of brain gene 

expression profile and none of them included the evaluation of sex effect. Results of one study 

focused on the hippocampus of female mice fed for 8 weeks with western diet showed an increase 

of transcript linked to blood brain barrier (BBB) integrity and cognition. Modifications of gene 

transcripts associated with cognition and neuroinflammation including triggering receptors 

expressed on myeloid cells 2 (TREM2), were reported in the cortex of AD mice fed with HFD for 
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three months. Finally, a study conducted in mice treated with 60% HFD in which miRNA expression 

in the prefrontal cortex was investigated, revealed that several miRNAs were differentially 

expressed upon HFD regimen. Pathways that were found mainly belong to Axon guidance Signalling, 

Insulin Growth-Factor 1 (IGF 1) Signalling and Nerve Growth-Factor (NGF) Signalling (Nam et al., 

2017; Sonne et al., 2017; Labouesse et al., 2018; Nuthikattu et al., 2019; Valcarcel-Ares et al., 2019). 

As stated, our study represents the first one in which a bulk anterior cortex transcriptomic analysis 

was performed after a prolonged HFD exposure in male and female mice. First, both HFD regimens 

affect gene transcript in male and female anterior cortex. From Gene Ontology analysis, data 

showed a down regulation of synaptic vesicle cycle pathway, commonly to male and female. On the 

contrary, male showed a down regulation of transcript part of nervous system development and 

synaptic vesicle cycle whereas in female positive regulation of neuron projection development, 

GABAergic synapses were affected. Comparison analysis between male and female showed a 

common effect on reduced transcriptome profile of gene. In female up-regulated genes belonged 

to the “response to glucagon” ontogeny group, whereas in male, they were associated with “positive 

regulation of muscle differentiation”. The first include gene transcript associate with glucagon 

effect, brain metabolism and cell functions (de Mooij-van Malsen et al., 2009; Jin et al., 2013; Wolf 

et al., 2014; Grieco et al., 2019) whereas the latter gene transcript involved in neurite outgrowth, 

cell differentiation and regulation of splicing mechanism including these related to tau protein 

isoform (Meda et al., 2000; Kar et al., 2006; Tarn et al., 2016) or synaptic plasticity  (Mouton-Liger 

et al., 2020). This sex dependent signature might explain the different metabolic response observed 

in the anterior cortex of male mice in comparison with female HFD. On the other hand, the regional 

regulation of brain metabolism during IR represents an emerging issue for the potential impact on 

prevention and treatment development for AD. For this reason, the selected upregulation observed 

in female and male suggest a sex specific response and consequently vulnerability of brain to MetS 

and IR. 

It has been established that glucagon, in particular GLP-1 is released from gut cells and can control 

glycaemia via increased insulin activity and glucagon secretion inhibition. Food intake and weight 

gain is also inhibited by GLP-1 (Drucker, 2018). Moreover, GLP-1 is linked to the vagal afferents that 

mediated satiety and it is known that obesity is characterized by the gut-brain axis dysfunction. In 

fact, study demonstrated that HFD could impair vagal signalling on GLP-1 activity with the result of 
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impaired satiety in obesity state (Al Helaili et al., 2020). Regarding what observed in our study, we 

could hypothesize that female mice seem to be involved in glucagon activity regulation perhaps 

involved in the regulation of food intake and satiety. Further studies needed to confirm and 

elucidate this peculiar aspect found in the study.  

Finally, from anterior cortex tissue, we also analysed AKT protein level and its phosphorylation form 

as implicated in a variety of mechanisms associated with IR. It has been demonstrated that AKT 

regulates body size and adipogenesis, which damage mechanism leads to IR and diabetes. AKT is 

also expressed at neuronal level acting on synapses, cell survival and growth. Recent findings linked 

AKT to the astrocyte role in regulating glucose metabolism. In fact, AKT and pAKT regulate glycogen 

synthesis upon Adenosine Monophosphate-activated Protein Kinase (AMPK) orchestration via 

monitoring ATP/ADP ratio. Cholesterol sulphate altered this astrocyte mechanism leading to an 

increase in glycogen storage which acted on an increase in ATP production that might be 

neuroprotective. Moreover, our study revealed a significant increase in total AKT and pAKT in female 

mice in anterior cortex which could be related to the failed observation in glucose metabolism 

increase found in anterior cortex, as on contrary, seen in male mice. In fact, recent study reported 

that upregulation of AKT and downregulation of AMPK improve IR in the hypothalamus exerted by 

HFD. This aspect should be deeper analysed to understand potential protective role of AKT in 

astrocyte mediated glucose metabolism and specific sex different mechanism (Xu et al., 2018; Prah 

et al., 2019). 

5.6. Explorative analysis on brain connectome revealed HFD 

modulation  

Regulation of eating behaviour is a complex mechanism and involves different populations of 

neurons and the activity of selected neurotransmitters. The smell of food is processed by the 

olfactory bulb and its projection to the insula and prefrontal cortex. Specifically, OFC project to 

striatum inducing modification of neuronal activity in striato-hypothalamic and striato-pallidal 

circuits which are influenced by dopaminergic inputs and to the lateral hypothalamus (Cooper, 

1986; Levin and Routh, 1996; Pak et al., 2018). Dopamine is implicated in the reward system 

including neurons from the VTA, which increases dopamine neurons activity after exposure to food 

into the ventral striatum (Norgren et al., 2006; Wise, 2006). However, chronic exposure to a food 

reward may promote adaptation of dopamine neurons activation with a consequence in 
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remodulation or alteration of brain circuits involved in food processing and reward systems (Schultz, 

2010). PET imaging has been used to explore the effect of obesity on brain functional connectivity 

using PET and FDG as radioligand (Pak et al., 2018). 

To test this hypothesis, we explore, although in a limited sample for type of analysis, the HFD 

induced modification in functional connectivity of the mouse brain. In particular, we performed a 

population study of functional correlations obtained from the [18F]-FDG roi-roi analysis including 

pooled data of both sexes in the analysis. Preliminary results that we obtain, indicate two negative 

associations occurring in cortico-thalamic and cortico-brainstem connectivity present 

independently from time or diet. On the other hand, at 31 weeks post HFD, we found strong positive 

correlation in both HFDs group compared to STD within the olfactory bulb-anterior cortex region, 

which could be hypothesized to be related to the food smell processing enhancing its activity and 

confirming increased glucose uptake in the olfactory bulb observed in PET study, in male and female 

HFD mice. Moreover, at the same time point in the HFD group, amygdala was found to be negatively 

correlated with the cortex while positively with the hypothalamus, the brain region that regulates 

energy dependent feeding behaviour. Interestingly, recent study showed a brain circuit regulating 

feeding behaviour involving the insular cortex, the central nucleus of the amygdala and 

hypothalamic nuclear complex (Barbier et al., 2020). The increased connectivity present in HFD mice 

suggest and modified activity of these brain regions after a prolonged exposure to HFD. 

Summarizing, preliminary results obtained from brain regions metabolic correlation with the 

limitation in sample size and lower [18F]-PET imaging sensitivity and resolution, were able to provide 

a start point to further investigation on the effect of HFD on brain connectivity. From our exploratory 

analysis, several regions have been shown to be modulated by HFD. Interestingly, these regions are 

included in specific brain circuits involved in both energy and hedonic dependent feeding behaviour. 

5.7. Limitation of the study and future directions 

In our work we deeply characterize mouse model of obesity induced by two type of HFD mimicking 

modern western diet in which sex difference was deeply investigated. Nevertheless, study showed 

some limitations including lower sample size used for specific analysis such as brain metabolic 

connectivity and transcriptomic analysis of anterior cortex. For both, further studies are necessary 

to confirm the data obtained. For the transcriptomic study, genes that were modulated upon diet 

regimen should be verify using qRT-PCR, while for the brain connectivity, additional analysis should 
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be address in a well-design experiment with enough sample size to discover specific neural circuitry 

modulating feeding behaviour and gender response involved in cognitive function that could be 

related to obesity state. Those results should be considered as preliminary data and a start point for 

further investigation in which a deep comprehension of brain biology is needed.  

Moreover, data obtained from female mice showed high variability, especially in the liver analysis 

of lipid content. In our study, female mice were not synchronized for the oestrous cycle or divided 

into different oestrous cycle phases that could modulate hepatic metabolism associated with 

different fertile periods of the female mice as reported in literature (Meda et al., 2020). 

6. CONCLUSION 
Summarizing, during my PhD work, I investigate sex difference response induced by systemic 

inflammation in young and aged mice and in a metabolic syndrome model induced by HFD chronic 

exposure applying multimodal imaging tools and molecular biology approach. From results 

obtained, sex difference and aging play a crucial role in regulation of several biological pathways 

including neuroinflammation, glucose metabolism and gene expression. Overall, this study aims to 

describe several biological questions regarding differences in sex response to metabolic syndrome.  

The novelty of the research concerns the investigation in sex differences in response to HFD by 

applying in vivo non-invasive tool such as PET with difference radioligand and by using 

transcriptomic profile to study gene expression changes upon such regimen, as few published 

studies have been addressed to these topics. Our results could contribute to the knowledge of 

understanding complex syndrome in a sex specific manner. 

Altogether, data obtained confirm that male mice are more vulnerable to develop IR and obesity, 

while female mice are somehow protected in a premenopausal period of life and this has an impact 

also on the brain.  

For the first time to our knowledge, we reported transcriptome data from bulk tissue of male and 

female HFD mice, focusing on anterior cortex as brain region involved in plenty of mechanisms 

associated with several neural circuits and in cognition. We found pronounced down regulation of 

several genes involved in the nervous system development for both sexes and, interestingly, for 

female mice we found an upregulation of glucagon response which could be related to food intake 

regulation and exert some protective role that needs further elucidation. 
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In conclusion, future study should be directed on the sex dysmorphism in different pathology to 

better understand physiological aspect and to properly address sex-based therapy in human being. 
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9. Annex 1– PhD publication 
During the first two years of my PhD project, I worked also on the effect of sex and aging on brain 

inflammation, characterizing an animal model of the disease. 

I conducted experiments regarding inflammation during aging using WT C57Bl/6J mice. 17 months 

old mice as aged animals and 2 months old as adult animals, both male and female, were injected 

intraperitoneally with 0.63 mg/kg of Lipopolysaccharide (LPS) to induce systemic inflammation and 

sacrificed 6h later. Mice brain was divided, and half hemisphere was used for brain tissue sampling 

study with [18F]-VC701 TSPO radiotracer to determine a brain inflammation level, and half tissue 

used to evaluate microglial phenotype. Brain regions of interest that I analysed include cortex, 

striatum, hippocampus and cerebellum. Aged male and female mice showed a significant tracer 

uptake increased in the cortical region compared to adult one. Regarding RT-PCR study, I analysed 

different microglial markers (TSPO; TREM-2, IL-1β; IL-6; TNF-α; TREML2) to evaluate microglial 

phenotype. I observed different behaviour from different gene expression analysis in male and 

females and during aging indicating important influences of these two variables. We showed that 

LPS induced a pro-inflammatory reaction in the brain of male and female mice as indicated by the 

up-regulation of IL-1b, TNF-a and IL-6 gene expression. However, in agreement with [18F]-VC701 

studies, the effect of LPS on pro-inflammatory cytokine transcript levels was significantly increased 

in aged compared to adult females, as well as in aged females compared to aged males. 

Immunocytochemistry was also performed on a separate animal group to confirm microglial and 

astrocyte activation upon neuroinflammatory response. Increased Iba-1 expression was present 

particularly in the cerebral cortex of LPS-treated aged animals, whereas GFAP immunoreactivity was 

higher in aged females in all the cerebral areas analysed. These results were published in 2019 as 

original article in Frontiers Aging Neuroscience as reported below (Murtaj et al., 2019). 
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Abstract 

Aging is associated with an exaggerated response to peripheral inflammatory challenges together 

with behavioural and cognitive deficits. Studies considering both age and sex remain limited, despite 

sex dimorphism of astrocytes and microglial cells is largely recognized. To fill this knowledge gap, 

we investigated the effect of a single intraperitoneal lipopolysaccharide (LPS) administration in adult 

and aged mice. We assessed the expression of different inflammatory mediators, and the microglial 

response through binding of [18F]-VC701 tracer to translocator protein (TSPO) receptors in the male 

and female brain. Aged female brain showed a higher pro-inflammatory response to LPS compared 

to adult female and to aged male, as revealed by ex vivo binding to TSPO receptors and pro-

inflammatory mediator transcript levels. The highest astroglial reaction was observed in the brain 

of aged females. Differently to the other groups of animals, in aged males LPS challenge did not 

affect transcription of triggering receptor expressed on myeloid cells 2 (TREM2). In conclusion, our 

study shows that in the mouse’s brain the neuro-inflammatory response to an acute peripheral 

insult is sex- and age-dependent. Moreover, our results might set the basis for further studies aimed 

at identifying sex-related targets involved in the modulation of the aberrant neuro-inflammatory 
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response that characterizes aging. This knowledge could be relevant for the treatment of conditions 

such as delirium and dementia. 

 

Introduction 

The activation of the peripheral immune system is reflected by a pro-inflammatory milieu in the 

central nervous system (CNS; Norden and Godbout, 2013). The mechanisms of neuroinflammation 

are the subject of an intense pre-clinical research effort. However, most studies focus only on male 

animals, as preferred sex. A recent systematic review showed that only 3 out of 51 publications 

included both male and female mice or rats, and only a few of them focused on aged animals 

(Hoogland et al., 2015). This issue is relevant since ample evidence support sex-related differences 

in age-dependent neurodegenerative disorders (Bouman et al., 2005; Marriott and Huet-Hudson, 

2006; Azad et al., 2007; Ycaza Herrera and Mather, 2015; Vom Steeg et al., 2016). Precise regulation 

of the immune responses maintains brain tissue homeostasis, while a chronic inflammatory state 

may influence the loss of neuronal function and plasticity (Besedovsky and Rey, 2008). In the 

presence of immune senescence, systemic inflammation represents a major precipitating factor for 

cognitive disorders (Perry, 2004; Costantini et al., 2018). 

A neuro-inflammatory response induced by peripheral challenge with lipopolysaccharide (LPS) has 

been recently demonstrated in the brain of adult healthy volunteers using Positron Emission 

Tomography (PET) and a radio ligand for in vivo imaging of brain inflammation (Sandiego et al., 

2015). However, most evidence on molecular and pathological CNS effects induced by peripheral 

inflammatory challenges, particularly during aging, derive from pre-clinical studies on rodents 

(Cunningham and Maclullich, 2013). As shown in the literature, aging is associated with an 

exaggerated response to peripheral inflammatory challenges together with behavioral and cognitive 

deficits (Hoogland et al., 2015; Schreuder et al., 2017). Indeed, in neurodegenerative disorders as 

well as in normal aging, microglia cells lose their supportive role in neuroplasticity and undertake a 

primed over-reactive phenotype promoting cognitive decline and synaptic dysfunction (Godbout 

and Johnson, 2006; Maclullich et al., 2008; Teeling and Perry, 2009). A recent gene expression 

profiling of microglia showed that aging is associated with over-expression of immune-related genes 

with an intermediate signature between acute and primed microglial genes (Holtman et al., 2015). 
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The association between genes regulating monocytes or microglial response with 

neurodegenerative disorders also supports the major role that neuroinflammation exerts in 

cognitive dysfunction. An example of this is the Triggering Receptor Expressed on Myeloid (TREM), 

a key component of innate and adaptive immunity, which is expressed by a variety of innate cells of 

the myeloid lineage including neutrophils, monocytes, osteoclasts, macrophages, dendritic cells and 

microglia. In particular, TREM2 has been shown to bind to poly-anionic ligands such as bacterial LPS 

and phospholipids (Wang et al., 2015). Upon ligand binding, TREM2 signals intracellularly through 

the adaptor protein DAP12, eventually regulating different cellular functions like phagocytosis, 

cytokine production, proliferation and survival (Thankam et al., 2016). Genetic studies have 

identified TREM2 variants that are associated with an increased risk of Alzheimer’s disease (AD; 

Zheng et al., 2018). Another protein of potential interest is the TREM cells Like 2 (TREML2 also 

named TLT2). TREML2 is upregulated on B cells, neutrophils and macrophages during inflammation, 

and recent data suggest a potential modulatory role in pro-inflammatory responses (Thomas et al., 

2016). Indeed, a missense variant of TREML2 (rs3747742) has been associated with a reduced 

susceptibility to develop AD (Benitez et al., 2014; Bhattacharjee et al., 2014; Zhao and Lukiw, 2015). 

Females have a higher prevalence of AD compared to males; thus sex is included among the risk 

factors for dementia (McCarthy et al., 2012). Using in vivo imaging, Mosconi et al. (2017) 

demonstrated the presence of AD endo-phenotypes in the brain of asymptomatic peri-menopausal 

or menopausal women when compared to age-matched men. 

Sex dimorphism of astrocytes and microglial cells is largely recognized and has been recently 

demonstrated by Villa et al. (2018). Adult female microglial cells carry a neuroprotective phenotype 

even when transplanted into male brain (Amateau and McCarthy, 2002; Hanamsagar et al., 2017; 

Villa et al., 2018). Interestingly, this protective phenotype seems to be in contrast with what has 

been observed in aged subjects, as suggested by a whole genome profile showing that old female 

brains exhibit higher transcription of genes of the complement system when compared to old males. 

The different neuro-inflammatory signatures may explain the sex-specific susceptibility to cognitive 

disorders (Mangold et al., 2017). 

Translocator protein (TSPO) has been shown to be a reliable biomarker of microglia activation in a 

large number of studies of neuro-inflammation by pre-clinical imaging (Liu et al., 2014). During brain 

injury or inflammatory insults, TSPO is overexpressed in activated microglia cells. For this reason, 
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TSPO ligands for PET imaging have been extensively used for the in vivo monitoring of microglia 

activation/macrophage infiltration in different neuropsychiatric conditions as well as in 

neurodegenerative and neuro-inflammatory animal models (Liu et al., 2014). 

Currently, not only is there a lack of studies on the inflammatory responses in males and females 

but also studies considering both sex and age remain limited. For this reason, the main goal of this 

study was to test whether sex and age influence the early brain response to an acute peripheral 

inflammatory challenge. This experimental setting could reproduce the delirium syndrome, a 

transient and serious neurocognitive disorder characterized by an acute onset and fluctuating 

course (Inouye et al., 2014) To this aim, we investigated the effect of a single intraperitoneal LPS 

administration in male and female, adult and aged mice. 

 

Materials and Methods 

Animals and LPS Challenge 

Adult (2 months) and aged (17–18 months) non-breeding male and female C57Bl/6J mice were 

purchased from Charles River. Animals were maintained and handled in compliance with our 

institutional guidelines for the care and use of experimental animals (IACUC) and the national law 

for animals used in research (Prot. N. SK552/2012 D.lsg. 116/1992 and N. 722/2016-PR D.lsg. 

26/2016). Mice were housed in the San Raffaele Hospital animal facility, maintained in 12/12 h 

light/dark cycle with access ad libitum to food and water. Following 1 week of acclimation, one 

group of 2 months old mice (adult) were processed according to the experimental tasks described 

below, whereas another group of mice was maintained until reaching the age of 17–18 months 

(aged) and were further processed. A total number of 76 mice were included in the study. For each 

experimental task, adult and aged mice of both sexes were randomly assigned to LPS or vehicle 

(saline) treatment as reported in Table 1 and in the diagram below (Figure 1). Animals were 

intraperitoneally injected with 0.63 mg/kg of LPS (Lipopolysaccharides of Escherichia coli, serotype 

055:B5; Sigma-Aldrich) freshly dissolved in sterile saline prior to injection, or vehicle (2 mg/5 ml 

saline), and neuro-inflammatory responses were evaluated 6 h later (Biesmans et al., 2013). 
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Table 1. Age, body weight, sample size and treatment dosage of each experimental group. 

 

 

FIGURE 1 

Figure 1. Schematic diagram of the experimental design and readouts. 

 

Ex vivo Binding of [18F]-VC701 to TSPO Protein 

There were eight mice per group and treatment was dedicated to ex vivo imaging studies. Microglia 

activation was evaluated using the [18F]-labeled VC701, a TSPO radio ligand developed in our facility 

(Di Grigoli et al., 2015; Belloli et al., 2018). This radiopharmaceutical binds to 18 kDa TSPO. In this 

study, we used the novel TSPO tracer [18F]-VC701 that allows to obtain adequate signal to noise 

ratios for the measurements of TSPO binding in mouse brain (Belloli et al., 2018). Binding of [18F]-

VC701 was evaluated ex vivo at 6 h after the intraperitoneal administration of LPS or saline. Animals 

were injected with 4.55 ± 1.85 MBq (specific activity: 3.17 ± 1.4 Ci/μMole) of [18F]-VC701 through 

the tail vein and sacrificed under light anesthesia 120 min later. Blood samples were collected and 

counted in a gamma counter (LKB Compugamma CS1282, Wallac). Brains were rapidly removed and 

divided into two hemispheres. Cortex, hippocampus and cerebellum were collected and placed in 

pre-weighed tubes. Radioactivity concentration was counted while the tissue used for RT-PCR was 

stored at −80°C for transcript measurement. A{er coun|ng, |ssue and blood radioac|vity 

concentration were corrected for the half-life of [18F] (108.9 min) and expressed as percentage of 
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the injected dose per gram of tissue (%I.D./g). To avoid a potential confounding effect due to 

differences in blood circulating levels, binding data were also normalized to blood uptake value. 

 

RNA Extraction and RT-qPCR Analysis 

RT-PCR analysis was performed on five out of the eight animals/group that was used for the [18F]-

VC701 experiments. One mouse in the adult female LPS-treated group was excluded due to 

insufficient mRNA availability. The brain areas (cortex, striatum, hippocampus and cerebellum) were 

dissected, homogenized in the supplied homogenization buffer and stored at −80°C. Total RNA was 

extracted with the Promega Maxwell® 16 LEV simplyRNA kit using the Maxwell® 16 Instrument 

(Promega). cDNA synthesis was performed using 250 ng of total RNA with the ThermoScript RT-PCR 

System (Invitrogen) and Random Primers (Promega) in a final volume of 20 μl according to the 

manufacturer’s instructions. The cDNA from each sample was used to perform RT-qPCR using 

LightCycler 480 SYBR Green I Master Mix (Roche) on the LightCycler 480 Instrument (Roche). β-actin 

was used as housekeeping gene for sample normalization. All analyses were performed in triplicate. 

The 2−ΔΔCT method was used to calculate the relative changes in gene expression in LPS-treated 

relative to vehicle-treated mice. The two-way ANOVA following by Tukey post hoc test was used to 

evaluate statistical significance between LPS-treated groups while parametric unpaired Student’s t-

test were used to compare LPS-treated to control group. Genes and relative primer sets used are 

listed in Table 2. 

 

Table 2. Genes and relative primer list used in gene expression analysis. 
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Immunohistochemistry (IHC) 

Immunohistochemistry (IHC) and histopathologic analysis were performed in distinct adult and aged 

female mice (n = 3 per group and treatment). Mice were sacrificed 6 h after LPS or vehicle challenge 

and perfused with PBS followed by 4% paraformaldehyde (PFA). Brains were removed, post-fixed in 

PFA 4% for 24 h, cryo-protected overnight in 20% sucrose and 10 μm sections were cut on a cryostat 

for histological analysis in bright-field microscopy, slices were stained using standard protocols for 

hematoxylin and eosin (using Mayer’s Hematoxylin, BioOptica #05-06002/L and Eosin, BioOptica 

#05-10002/L). 

For IHC, slices were immuno-stained with polyclonal rabbit anti-Iba-1 antibody (Wako, #019-19741) 

and polyclonal rabbit anti-GFAP antibody (Novus Biologicals, #NB300-141). Any endogenous 

peroxidase activity was quenched by incubating the slices with 0.3% H2O2 in methanol for 10 min 

at RT. Both antibodies were used at a dilution of 1:1,000, incubated for 1 h at RT with EXPOSE rabbit 

specific HRP/DAB detection IHC kit (Abcam, #ab80437). DAB chromogen was than applied to each 

section for 5 min at RT and counterstained with Mayer’s hematoxylin, dehydrated and mounted 

with Eukitt (BioOptica, #09-00100). Positive and negative controls were run simultaneously. Slides 

were acquired with Aperio AT2 digital scanner at a magnification of 40× (Leica Biosystems). Region 

of interest (ROI) were drowned manually on half hemisphere for cortex, on the entire hippocampus, 

and on a selected region of the cerebellum. Percentage of positive cells were calculated using Aperio 

eSlide Manager (Leica Biosystems). From the data obtained (weak, medium and strong positive 

intensity), weak positive was not included in the analysis as considered as background. 

 

Statistical Analysis 

Statistical evaluation of [18F]-VC701 tracer uptake was carried out using two-way ANOVA for 

Multiple Comparisons with a Tukey post hoc correction with gender, aging and treatment as 

covariates. Data representing radio ligand uptake in each LPS-treated and vehicle group were 

analyzed through parametric unpaired Student’s t-test. For gene expression studies, data were 

normalized to housekeeping gene followed by a fold change evaluation comparing data to internal 

control group. Data derived from comparison of LPS-treated groups were statistically analyzed using 

two-way ANOVA for Multiple Comparisons with a Tukey post hoc correction, while for those 

reported on Supplementary Figures, data were statistically evaluated using parametric unpaired 
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Student’s t-test. Immunohistochemical analyses were performed using two-way ANOVA for 

Multiple Comparison with Tukey post hoc correction. 

Analyses were performed using the Prism V6.0 software (GraphPad Prism, San Diego, CA, USA). 

Statistical significance was accepted when *p < 0.05, **p < 0.01, and ***p < 0.001. 

 

Results 

Peripheral Exposure to LPS Influences Sex- and Age-Dependent Microglia Activation 

TSPO expression in different brain areas of adult and aged untreated and LPS-treated male and 

female mice was evaluated by ex vivo binding of [18F]-VC701 to TSPO, 6 h after LPS/vehicle 

injection. LPS treatment induced a statistically significant increase (p < 0.05) of tracer’s uptake in 

the cortex and cerebellum of aged males, and in cortex and hippocampus of aged females 

(Supplementary Figure S1). Higher uptake of [18F]-VC701 was observed in the cortex of aged vs. 

adult LPS-treated females (Figure 2). This age-dependent effect was not observed in males. The 

percentage of tracer’s uptake in the cortex and hippocampal areas was significantly higher in LPS-

treated aged females compared to age-matched vehicle (cortex 51.6%, p ≤ 0.017; hippocampus 

86.4% p ≤ 0.010; cerebellum ns, 36.1%, data not shown). Tissue to blood ratio of tracer’s uptake in 

LPS-treated females, expressed as % of injected dose per gram of tissue (%I.D./g), is shown in Table 

3. 
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FIGURE 2 

 

Figure 2. Translocator protein (TSPO) tracer uptake reveal microglial activation increased in aged female 

lipopolysaccharide (LPS)-treated animals. [18F]-VC701 brain tracer uptake in cortex (A); hippocampus (B) and 

cerebellum (C) on LPS-treated adult and aged male and female mice. Data were analyzed using two-way ANOVA analysis 

with Tukey post hoc and are expressed as percentage (%) of injected dose per gram of tissue to blood ratio, mean ± SD, 

eight mice per group; Mouse brain-stained slices (cortex, hippocampus and cerebellum) derived from 

immunohistochemistry (IHC) studies. *p < 0.05; **p < 0.01; ***p < 0.001. 

 

Table 3. Tissue to blood [18F]-VC701 uptake ratio. 
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Female Brain Shows a Higher Pro-inflammatory Response to LPS During Aging 

In order to confirm that the higher [18F]-VC701 uptake was associated with a pro-inflammatory 

response of microglia, we measured the levels of IL-1β, TNF-α, IL-6, IL-4 and Arg-1 transcripts in LPS-

treated and untreated mice. In all brain regions, peripheral LPS injection induced 

neuroinflammation irrespective of sex and age, as shown by significantly increased transcript levels 

of IL-1β, IL-6 and TNF-α (Supplementary Figures S2A–C, S3A–C). Arg-1 and IL-4 transcripts were 

negligibly expressed in both LPS-treated and untreated mice (data not shown). 

In agreement with [18F]-VC701 uptake results, in female but not in male brain, age affected levels 

of the pro-inflammatory cytokines IL-1β, TNF-α and IL-6 in response to the LPS challenge. Aged 

females compared to adult females showed increased levels of IL-1β and IL-6 in all areas, which was 

statistically significant in the cortex for IL-1β, and in both cortex and cerebellum for IL-6 (Figures 

3A,C). No age-dependent effects on IL-1β, TNF-α and IL-6 transcript levels were detected in males. 

Increased IL-1β transcript levels in the cortex and IL-6 in the cerebellum were detected in aged 

females compared to aged males (Figures 3A,C). TNF-α transcript levels were increased in the cortex 

and hippocampus of aged compared to adult females, although the differences were not statistically 

significant (Figure 3B). 
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FIGURE 3 

 

Figure 3. Increased expression levels of pro-inflammatory cytokines in aged LPS treated mice. Gene expression analysis 

of IL-1β (A), TNF-α (B) and IL-6 (C) by RT-qPCR in cortex, hippocampus and cerebellum of all LPS-treated animals. All the 

values were normalized to mouse β-actin and expressed as fold change referred to internal control group. Bars 

represent the average of triplicate measurements and error bars represent ± SEM, five animals per group. Statistical 

analysis was performed using two-way ANOVA following by Tukey post hoc test of the relative mRNA expression of LPS-

treated mice previously normalized to internal control group. *p < 0.05; **p < 0.01; ***p < 0.001. 
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Sex and Age Effect on Transcript Levels of Markers of Microglia Activation 

Interestingly, we found an age- and sex-dependent effect on the expression of the neuro-

inflammatory markers TREM2 and TREML2 after LPS administration. Our results showed that 

peripheral LPS injection induced a significant decrease of TREM2 transcript levels in all brain regions 

of adult males and females (Supplementary Figure S2D). Yet in aged males, LPS injection did not 

decrease TREM2 transcript levels, which were instead significantly decreased in all brain regions of 

aged females (Supplementary Figure S3D). When we specifically compared TREM2 transcript levels 

among LPS-treated mice, we found that they were significantly higher in aged males compared to 

aged females (p < 0.0002), while no differences were detected in adult mice of both sexes (Figure 

4A). 

 

FIGURE 4 
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Figure 4. Triggering receptor expressed on myeloid cells like 2 (TREM2) is differentially expressed in aged LPS treated 

mice. Gene expression analysis of TREM2 (A), TREML2 (B), two immunomodulatory markers by RT-qPCR in cortex, 

hippocampus and cerebellum of all LPS-treated animals. All the values were normalized to mouse β-actin and expressed 

as fold change referred to internal control group. Bars represent the average of triplicate measurements and error bars 

represent ± SEM, five animals per group. Statistical analysis was performed using two-way ANOVA following by Tukey 

post hoc test of the relative mRNA expression of LPS-treated mice previously normalized to internal control group. *p < 

0.05; **p < 0.01; ***p < 0.001. 

 

TREML2 transcript levels were significantly increased in the hippocampus of aged males compared 

to aged females (p < 0.01), and in the cortex, although not reaching statistical significance (Figure 

4B, Supplementary Figures S2E, S3E). 

 

Microglia Activation and Astrogliosis in Aged Female Animals 

As major differences in the neuro-inflammatory response to LPS were observed in females, we 

further evaluated glia activation in females by IHC. In all LPS-treated females, H&E staining showed 

no sign of neuronal loss or morphological changes in the three brain areas examined (cortex, 

cerebellum and hippocampus, data not shown). In LPS-treated aged females an increased 

percentage of Iba-1 positive cells were detected when compared to LPS-treated adult females, and 

vehicle-treated adult and aged females, which is indicative of a higher inflammatory status (Figure 

5A, cortex). Microglia activation was suggested by cell morphology in the cerebral and cerebellar 

cortex of LPS-treated aged vs. LPS-treated adult females and vehicle-treated females (Figures 5A–C, 

cortex and cerebellum). In the hippocampus both LPS and vehicle-treated aged females showed a 

higher degree of Iba-1 immunoreactivity in comparison with adult females reaching statistical 

significance in vehicle-treated aged vs. vehicle-treated adult mice (Figure 5C, hippocampus). 
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FIGURE 5 

 

Figure 5. Increased IBA1 immunoreactivity and changes in glia morphology in brain areas of LPS-treated aged vs. LPS-

treated adult females. (A) Immunostaining of Iba-1+ cells in cerebral cortex, hippocampus and cerebellum from one 

representative vehicle and one representative LPS-treated adult female mouse. (B) Immunostaining of Iba-1+ cells in 

cerebral cortex, hippocampus and cerebellum from one representative vehicle and one representative LPS-treated aged 

female mouse. (C) Quantification of the percentage of Iba-1+ cells in cortex, hippocampus and cerebellum of all female 

groups used in the study. Data are expressed as mean ± SEM of selected region of interest (ROI) performed on three 

animals per group, scale bar = 100 μm. *p < 0.05; **p < 0.01; ***p < 0.001. 

 

Astroglial cells showed an increase in GFAP immunoreactivity in aged compared to adult females 

(Figures 6A,B). This observation was consistent in the cortex, cerebellum and hippocampus of aged 

females where astrocytes also showed hyperplasia of cytoplasm and of cellular processes 

resembling an activated phenotype. Quantification analysis showed a significant higher percentage 

of GFAP positive cells in cortex and hippocampus of aged compared to adult females. A similar trend 
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was observed also in the cerebellar region (Figure 6C). Furthermore, in the sections where olfactory 

bulb was present, a general increase in immunoreactivity for both Iba-1 and GFAP was observed, 

again more evident in LPS-treated aged females for Iba-1 and in vehicle and LPS-treated aged 

females for GFAP (data not shown). 

 

FIGURE 6 

 

Figure 6. Increased astrocytosis and changes in glia morphology in brain areas of LPS-treated and vehicle-treated aged 

females. (A) Immunostaining of GFAP+ cell in cerebral cortex, hippocampus and cerebellum from one representative 

vehicle and one representative LPS-treated adult female mouse. (B) Immunostaining of GFAP+ astrocyte cells in cerebral 

cortex, hippocampus and cerebellum from one representative vehicle and one representative LPS-treated aged female 

mouse. (C) Quantification of percentage of GFAP+ cells in cortex, hippocampus and cerebellum of all female groups 

used in the study. Data are expressed as mean ± SEM of selected ROI performed on three animals per group, scale bar 

= 100 μm. *p < 0.05; ** p < 0.01; ***p < 0.001. 
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Discussion 

In this study, we demonstrate for the first time that both age and sex influence an early neuro-

inflammatory response after an acute mild peripheral LPS challenge in mice. In comparison to 

control conditions, LPS-treated aged male and female mice showed an increase [18F]-VC701 binding 

indicative of higher expression of TSPO. A prominent effect was observed in LPS-treated aged 

compared to adult females. [18F]-VC701 is a structural analog of PK11195, which targets 18 kDa 

TSPO (Di Grigoli et al., 2015). TSPO’s main role is to transport cholesterol across the outer 

mitochondrial membrane. While TSPO is negligibly expressed in the normal brain parenchyma, its 

expression increases upon microglia activation and macrophage infiltration (Betlazar et al., 2018). 

Thus, TSPO up-regulation has been mainly associated with a pro-inflammatory status of microglia 

(Bonsack et al., 2016). PET-TSPO has been successfully applied to image the neuro-inflammatory 

reaction to LPS administration in the brain of human subjects, showing an increased binding of the 

TSPO radiotracer [11C]-PBR28 in all brain regions (Sandiego et al., 2015). Co-localization of TSPO 

with CD206-positive alternatively activated microglia has also been reported (Liu et al., 2015). Our 

results, although obtained from analysis of whole tissue are in agreement with transcriptomic data 

of purified microglia (Villa et al., 2018). Villa et al. (2018) demonstrated that microglia cells were 

sexually differentiated in the adult brain, as male mice carried a phenotype more poised to 

inflammatory reactions than female microglia. Moreover, in females, microglia displayed 

neuroprotective features in an acute pre-clinical model of ischemic insult (Villa et al., 2018). Gene 

sexual dimorphism has also been reported in humans by Berchtold et al. (2008). This study shows 

that males display a greater number of gene expression changes (mainly downregulation) during 

the transition to the sixth and seventh decade of life while females show more prominent gene 

expression changes later in life, during the eighth and ninth decade of life. Moreover, increased 

immune activation was greater in the female brain, as shown by a higher percentage of up-regulated 

genes involved in the immune response and inflammation (34% in males and 50% in females; 

Berchtold et al., 2008). 

To better understand the nature of the microglia response, we evaluated the effect of the peripheral 

LPS challenge on transcription of a few inflammatory mediators: IL-1β, TNF-α, IL-6, Arg1 and IL-4. 

We showed that LPS induced a pro-inflammatory reaction in the brain of male and female mice as 

indicated by the up-regulation of IL-1β, TNF-α and IL-6 gene expression. However, in agreement 
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with [18F]-VC701 studies, the effect of LPS on pro-inflammatory cytokine transcript levels was 

significantly increased in aged compared to adult females, as well as in aged females compared to 

aged males. 

As a major age effect was observed in females, we further analyzed microglia and astrocyte status 

by IHC in all brain regions of adult and aged females. In agreement with TSPO expression and pro-

inflammatory cytokine transcript levels, we found an increased expression of microglia and 

astrocyte markers in LPS-treated and vehicle-treated aged compared to adult females, with some 

regional differences. Increased Iba-1 expression was present particularly in the cerebral cortex of 

LPS-treated aged animals, whereas GFAP immunoreactivity was higher in aged females in all the 

cerebral areas examined, regardless of LPS administration. Finally, the higher Iba-1 and GFAP signals 

detected in aged females was associated with a different cellular morphology. Altogether, our 

results highlight the acute onset of a higher neuro-inflammatory response in aged females. A similar 

response was also reported in female 3xTg-AD mice, where neuroinflammation was associated with 

progressive cognitive decline that increased as a function of age (Belfiore et al., 2019). 

Microglia, as the primary source of pro-inflammatory cytokines, are pivotal mediators of 

neuroinflammation (Colonna and Butovsky, 2017). The amplitude and duration of the context-

dependent activation of microglia are regulated by many pattern-recognition receptors, and 

immune receptors that deliver either activating or inhibitory signals. TREM2 and TREML2 are two 

microglia/monocyte regulators with potential and opposite roles in neurodegenerative disorders 

such as AD (Zsido et al., 2017). We show that acute peripheral administration of LPS induced an 

opposite modulation of TREM2 and TREML2 transcripts. In all groups analyzed, except aged male 

mice, we showed that LPS reduced TREM2 while increasing TREML2 transcript levels. TREM2 

regulates critical functions of microglia including inhibition of pro-inflammatory responses and 

stimulation of phagocytosis of apoptotic neurons (Piccio et al., 2008). TREM2-transduced myeloid 

precursors mediate nervous tissue debris clearance and facilitate recovery in an animal model of 

multiple sclerosis (Takahashi et al., 2005, 2007). Moreover, TREM2 binds poly-anionic ligands 

including LPS (Wang et al., 2015). Previous findings showed that LPS stimulation suppressed TREM2 

levels in microglia, at the same time inducing pro-inflammatory cytokines secretion (Zheng et al., 

2016). Peripheral LPS challenge (at a similar dose to that used in our study) induced up-regulation 

of TREML2 and down-regulation of TREM2 levels in microglia, and increase of pro-inflammatory 
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cytokines (Zheng et al., 2016; Zhang et al., 2017). In particular, reduction of TREM2 was associated 

with a decreased microglia proliferation, an effect that was absent when TREML2 was knocked 

down. 

During aging, microglia undergo cellular senescence losing regenerative and trophic functions 

(Mecca et al., 2018). According to Colonna and Wang (2016) TREM2 protects the aged brain from 

insults. Indeed, carrying a loss of function mutations in the TREM2 gene represents an important 

risk factor for dementia (Gao et al., 2017). In vitro experiments demonstrated that, silencing of 

TREM2 exacerbated LPS-induced pro-inflammatory response in BV2 microglia (Zhong et al., 2015), 

In contrast, overexpression of TREM2 lowered the pro-inflammatory response, thus supporting the 

hypothesis that TREM2 expression modulates the acute and transient pro-inflammatory responses 

induced by LPS (Zhong et al., 2015). Thus, the higher TREM2 expression observed in aged male mice 

might represent a strategy to counterbalance the pro-inflammatory milieu of aging, partially 

sustained by activation of signaling pathways mediated by TREML2, which likely activates apoptosis 

and modulates microglial functions (de Freitas et al., 2012; Zheng et al., 2016). 

In aged female brains, we observed up-regulation of reactive GFAP-positive astroglia in all the 

regions examined independently from LPS administration. Although GFAP expression is limited to 

only a fraction of astrocytes with a substantial regional heterogeneity, its expression has been 

associated with reactive astrogliosis (Verkhratsky and Nedergaard, 2018). During aging, high levels 

of GFAP expression were identified as “mild to moderate astrogliosis” while the presence of cellular 

hypertrophy in addition to GFAP increase appears to be associated to “severe diffuse astrogliosis” 

(Cohen and Torres, 2019). Matias et al. (2019) reported that the astrocyte response to brain aging 

showed intra-regional heterogeneity (Matias et al., 2019): astrocytes in the hippocampal region 

presented an age-dependent hypertrophy, similar to the astrocyte morphology detected in our 

study, which may contribute to synapse loss and neuroinflammation. 

Interestingly, increased levels of neuro-inflammatory markers, including GFAP, are present in the 

brain of AD patients. Recently Barroeta-Espar et al. (2019) demonstrated reduced levels of GFAP 

and a different pattern of cytokines expression in subjects resilient to AD pathology. This selected 

population of aged subjects harbour plaque and tangle loads that in some cases are equivalent to 

those found in AD, although in absence of the typical patterns of neuronal/synaptic loss seen in the 

pathology. These findings suggest that down-regulation of neuroinflammation is one of the 
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differential traits of human brain resilience to AD pathology, a mechanism that might be less 

efficient in female brain. Implications of our findings may impact the development of clinical 

phenotypes such as delirium and dementia. Delirium is one of the most common neuropsychiatric 

conditions among older people, which is known to develop as an acute consequence of peripheral 

infection or inflammation originating outside the brain (Cerejeira et al., 2010; Franceschi and 

Campisi, 2014; Bu et al., 2015; Morandi et al., 2018). The higher the level of frailty, the higher the 

likelihood of developing delirium in reaction to an inflammatory stimulus (Bellelli et al., 2017; 

Persico et al., 2018). Neuroinflammation has also been recognized as a pathophysiological 

mechanism of dementia, especially AD, again with frailty as a modulating factor of the disease 

clinical expression (Tao et al., 2018; Wallace et al., 2019). 

Future studies should explore chronic neuroinflammation and morphological-functional changes in 

glial cell upon repetitive systemic insult or an acute severe neural event. As the cortex represents in 

our study the most important region influenced by sex and age, we will further explore gene 

modulation of specific pathways trough transcriptomic analysis of cortical glia in adult and aged 

female and male mice. Furthermore, specific behavioural phenotypes such as attention and active 

inhibitory processes associated with cognitive frailty will be investigated. 

Finally, it would be appropriate to ascertain if age- and sex-specific patterns of neuroinflammation 

could be identifiable in humans too, and to clarify the mechanisms involved in such differences. 

 

Conclusion 

In conclusion, the results of this study show that the neuro-inflammatory response of a mouse’s 

brain to an acute peripheral LPS challenge is sex- and age-dependent and is likely to involve multiple 

cellular and molecular regulators of neuronal functions. Our results might set the basis for further 

studies aimed at characterizing sex-related targets involved in the modulation of the neuro-

inflammatory response in aging. This knowledge could be relevant for the treatment of conditions 

such as delirium and dementia. 
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