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ABSTRACT 

 

Blood vessels distribute nutrients and oxygen to every single cell in the body. Endothelial 

cells define the vessel wall, and thus they are ideally located to crucially modulate nutrient 

availability and act as metabolic gatekeepers of the organism. In recent years, mitochondrial 

dynamics has emerged as a bioenergetic adaptation process to cellular metabolic demands. 

Mitofusins are GTPase-like proteins implicated in external mitochondrial membrane fusion. 

Our hypothesis is that mitochondrial fusion in endothelial cells is implicated in energy 

balance and metabolic control. 

In order to address this hypothesis, we generated mice lacking either Mitofusin 1 (Mfn1) or 

Mitofusin 2 (Mfn2) into adulthood by breeding a tamoxifen-inducible endothelial Cre line 

(PdgfbiCreERT2) with Mfn1 or Mfn2 floxed animals (hereafter called Mfn1ΔEC and Mfn2ΔEC 

respectively). Mfn2iΔEC mice showed a progressive reduction (~25%) in body weight when 

compared to control counterparts. Intestinal nutrient absorption, food intake and 

locomotor activity were unaltered in knockout mice. However, enhanced energy 

expenditure and a shift towards lipid oxidation was observed, while the thermogenesis 

capacity was not different between groups. Consistent with this phenotype, Mfn2iΔEC mice 

exhibited lower fat mass and improved glucose tolerance and insulin sensitivity in the face 

of unaltered insulin release. Collectively, these results indicate that loss of Mfn2 in 

endothelial cells causes a lean phenotype as the consequence of enhanced lipid metabolism. 

However, endothelial Mfn1 deletion did not alter systemic metabolism. 

Upon high-fat diet administration, Mfn2iΔEC mice showed complete resistance to its 

obesogenic effects. In concordance with lower body weight due to reduced adiposity, 

mutant mice exhibited improved glucose homeostasis. Moreover, induction of endothelial 

Mfn2 ablation in established obesity reduced body weight to standard diet control levels 

and improved metabolic alterations. Interestingly, Mfn1iΔEC mice do not show any metabolic 

alteration when fed high-fat diet. 

Aged Mfn2iΔEC mice preserved young-like health-span parameters. Indeed, mutant mice 

exhibited improved age-associated physiological parameters such as kidney function or 

anaemia. Diverse motor and cognitive parameters were also preserved in old Mfn2i∆EC mice. 

Collectively, our results indicate that Mfn2 in endothelial cells is implicated in systemic 

energy homeostasis control as well as in ageing progression in mice. 
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Abbreviation Definition 

4-OHT 4-hydroxytamoxifen 

ACR Albumin to creatinine ratio 

AKT Protein kinase - B 

ANG Angiopoietin 

AR Aspect ratio 

AT/ATs Adipose tissue / tissues 

ATP Adenosine triphosphate 

AUC Area under the curve 

BBB Blood brain barrier 

BMI Body mass index 

BMR Basal metabolic rate 

BP Blood pressure 

CD31 Cluster of differentiation 31 

CD36 Cluster of differentiation 36 

CM Cristae membrane 

CR Calorie restriction 

Ct Cycle threshold 

DM Diabetes mellitus 

DRP1 Dynamin related protein 

EB Evans blue 

EC / ECs Endothelial cell / cells 

EE Energy expenditure 

eNOS Endothelial nitric oxide synthase 

EPCs Endothelial progenitor cells 

ER Endoplasmic reticulum 

ET-1 Endothelin 1 

ETC Electron transport chain 

eWAT Epididymal white adipose tissue 

FADH2 Flavin adenine dinucleotide 

FAO Fatty acid oxidation 

FF Form factor 

FFA Free fatty acids 

FIS1 Mitochondrial fission 1 
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FoxO1 Forkhead box protein O1 

GLUT Glucose transporters 

GSIS Glucose stimulated insulin secretion test 

GTP Guanosine triphosphate 

GTT Glucose tolerance tests 

gWAT Gonadal white adipose tissue 

H&E Hematoxylin and eosin 

HCAs Human coronary arterioles 

HFD High fat diet 

Hif1-α Hypoxia-induced factor 1-α 

HOMA-IR Homeostatic model assessment of insulin resistance index 

HSL Hormone sensitive lipase 

Hsp90 Heat shock protein 90 

HUVECs Human umbilical endothelial cells 

IB4 Isolectin GS-IB4 

iBAT Interscapular brown adipose tissue 

IBM Inner boundary membrane 

Igf-1 Insulin-like growth factor-1 

IL Interleukin 

IMM Inner mitochondrial membrane 

IMS Intermembrane space 

InsR Insulin receptor 

IP Intraperitoneal 

IR Insulin resistance 

IRS-1 Insulin receptor signalling-1 

ITT Insulin tolerance test 

KO / KOs Knockout / Knockouts 

LA Locomotor activity 

LDL-C Low - density lipoprotein cholesterol 

MAO Monoamine oxidases 

MF Macrophages 

MFF Mitochondrial fission factor 

MFN / MFNs Mitofusin / Mitofusins 

MFN1 Mitofusin 1 
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MFN2 Mitofusin 2 

MiD49 Mitochondrial dynamic protein of 49kda 

MiD51 Mitochondrial dynamic protein of 51kda 

mtDNA Mitochondrial DNA 

NADH Nicotinamide adenine dinucleotide  

NADPH Nicotinamide adenine dinucleotide phosphate 

nDNA Nuclear DNA 

NEFAs Non-esterified fatty acids 

Nf-κB Nuclear transcription factor κ-light-chain-enhancer of activated B cells 

NMRI Nuclear magnetic resonance imaging 

NO Nitric oxide 

NORT Novel object recognition test 

NOX4 Nicotinamide adenine dinucleotide phosphatase oxidase 4 

OCT Optimal cutting temperature 

OF Open field 

OMM Outer mitochondrial membrane 

OPA1 Optic atrophy 1 

OXPHOS Oxidative phosphorylation 

PBS Phosphate-buffered saline 

PCR Polymerase chain reaction 

PECs Proliferative endothelial cells 

PFA Paraformaldehyde 

PFKB3 Phosphofructokinase-2/fructose-2,6-bisphosphatase 3 

PGC1α Peroxisome proliferator-activated receptor γ coactivator-1-α 

PINK1 Phosphatase and tensin homolog (PTEN)-induced putative kinase 1 

POMC Proopiomelanocortin 

Ppar Peroxisome proliferator-activated receptor 

QECs Quiescent endothelial cells 

QMR Quantitative magnetic resonance 

qRT-PCR Quantitative reverse transcription PCR 

RIPA Radioimmunoprecipitation assay buffer 

RNS Reactive nitrogen species 

ROS Reactive oxygen species 

rpm Rotations per minute 
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RQ Respiratory quotient 

RT Room temperature 

SDS-PAGE Sodium dodecyl sulfate polyacrylamide gels 

STD Standard diet 

sWAT Subcutaneous white adipose tissue 

T1D Type 1 diabetes 

T2D Type 2 diabetes 

TAE Tris-acetate EDTA 

TCA Tricarboxylic acid cycle 

TG Triglycerides 

TIE2 Tyrosine-protein kinase receptor 

TIM Translocase of the inner membrane  

TNF-α Tumor necrosis factor α 

TOM Translocase of the outer membrane 

UCPs Uncoupling proteins 

UPRmt Mitochondrial unfold protein response 

VDAC Voltage dependent anion channel 

VEGF Vascular endothelial growth factor 

VOI Volume of interest 

vSMC Vascular smooth muscle cells 

vWAT Visceral adipose tissue 

WAT White adipose tissue 

WHO World health organization 
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1. Energy balance and glucose homeostatic disorders 

1.1 Obesity 

Obesity is a chronic multifactorial disease in which a combination of biological, environmental 

and behavioural factors cause a state of positive energy balance that generates excessive fat 

accumulation and increased body weight to the extent that represents a risk to health (Phoebe 

A.Stapleton, 2008). Imbalance between calories intake and expended is the leading cause of 

overweight and obesity. Body mass index (BMI), defined as a person’s weight in kilograms 

divided by the square of one’s height in meters (kg/m2), is commonly used to classify overweight 

(25<BMI<30) and obese (BMI>30) human adults. The modern lifestyle, promoting physical 

inactivity and the consumption of energy-dense food that are high in fat and carbohydrates, has 

caused a dramatic increase in the worldwide prevalence of obesity. In fact, according to the 

World Health Organization (WHO), it has been nearly tripled since 1975. Indeed, in 2016, more 

than 1,9 billion (39%) of adults were overweight, and 650 million (13%) were obese. More 

importantly, around 41 million preschool children (under the age of 5) were either overweight 

or obese. 

It is well established that higher BMI is associated with increased risk of developing systemic 

disorders such as gastrointestinal-related diseases including gallstone, pancreatitis and non-

alcoholic fatty liver. The endocrine and metabolic system is also affected by increasing the risk 

of diabetes, insulin resistance (IR), glucose intolerance and dyslipidaemia. Of crucial importance 

is the higher predisposition of obese patients to develop cardiovascular disorders such as 

thromboembolism, hypertension, coronary artery disease, chronic heart failure and cardiac 

asthma (Darvall et al., 2007; Reis et al., 2005). Moreover, obesity is associated with menstrual 

abnormality and infertility (Cohen et al., 2008; Maruthur et al., 2009; Obligado and Goldfarb, 

2008), musculoskeletal disorders as osteoarthritis (Tukker et al., 2008) and gout (Tahmin Sarnali 

et al., 2010) as well as respiratory abnormalities such as hypoventilation syndrome (Poulain, 

2006), pneumonia and pulmonary embolism (Tahmin Sarnali et al., 2010). Furthermore, obese 

patients are more susceptible to develop some types of cancers including colon, rectum, liver, 

endometrial, breast, ovarian, prostate, kidney and lymphomas (Basen-Engquist and Chang, 

2011; Johnson and Lund, 2007; WHO-Obesity, 2018). Childhood obesity is associated with future 

risks, such as higher chances for developing obesity, premature death and disability in the 

adulthood (Tahmin Sarnali et al., 2010; Tan and Vidal-Puig, 2008; WHO-Obesity, 2018). 

Current statistics show that around 300.000 annual deaths are attributed to obesity in the 

United States, (Flegal et al., 2004) and most of them are due to obesity-associated diseases such 
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as diabetes, hypertension, cardiovascular disease and cancer (Kopelman, 2000). According to 

the WHO, common obesity can be prevented by the promotion of losing weight through healthy 

eating and regular physical activity. Nutritional interventions such as calorie restriction diets and 

intermittent fasting have been lately proposed as potential actions to counteract obesity. 

Weight-loss surgery, such as electric stimulation system, gastric emptying systems, gastric 

balloon systems and bariatric surgery, is also available but restricted to patients with specific 

clinical features. All proposed therapies, targeting energy intake, will initially produce weight 

loss. However,  the homeostatic defended feedback loop would resist further weight loss thus 

limiting the effectiveness (Spiegelman and Flier, 2001). Moreover, pharmaceuticals treatments 

that target intestinal fat absorption or serotonergic receptors in the brain are of limited efficacy 

(Bray and Tartaglia, 2000). 

Taken together, research in obesity is mandatory to provide new insights into the molecular and 

physiological pathways that underlie this complex disease. This will allow the development of 

novel and truly effective therapies. 

1.2 Diabetes mellitus 

Diabetes mellitus (DM) is a group of metabolic diseases that are characterized by impaired 

insulin secretion and/or action, eventually leading to chronic hyperglycaemia. Thus, fasting 

blood glucose levels are used to diagnose DM (non-diabetic, less than 5,5 mmol/L; prediabetic, 

between 5,5 and 7,0 mmol/L; diabetic, more than 7,0 mmol/L). According to the WHO, the 

prevalence of DM has been quadrupled in the last 40 years, reaching 422 million people in 2014. 

Of note, 1,6 million deaths were attributed to diabetes in 2016 (WHO-Diabetes, 2018). 

The defects in carbohydrate, lipid and protein metabolism in DM patients are due to deficient 

insulin secretion by the β-cells in the pancreas and/or action on target tissues (IR). This leads to 

a state of hyperglycaemia that in the long-term has been associated to damage, dysfunction and 

failure of heart, blood vessels, eyes (leading to blindness through diabetic retinopathy), kidneys 

and nerves (WHO-Diabetes, 2018). 

According to the American Diabetes Association, DM can be classified into four different 

categories being type 1 and type 2 diabetes (T1D and T2D, respectively) the most common 

forms. 

Type 1 diabetes 

T1D, also known as insulin-dependent diabetes, is mainly due to an autoimmune destruction of 

the pancreatic β-cells through T-cell inflammatory (insulitis), and humoral (β-cells) responses 
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(Devendra et al., 2004). This leads to β-cell deficiency and dysfunction (Vetere et al., 2014), thus 

being unable to produce and secrete insulin. In fact, the presence of autoantibodies against 

pancreatic β-cells is a hallmark of T1D (Kharroubi and Darwish, 2015) which can be detected 

months or years before the onset of DM in the serum of patients (Couper and Donaghue, 2009). 

It only accounts for 5% to 10% of the diabetic patients (Maahs et al., 2010) that have complete 

dependence on exogenous insulin injections. T1D often produce symptoms such as lack of 

energy, excessive thirst (polydipsia), excessive excretion of urine (polyuria), involuntary 

urination (enuresis), constant hunger, sudden weight loss,  blurred vision (International Diabetes 

Federation, 2017). T1D patients are also more susceptible to develop other autoimmune 

diseases (American Diabetes Association, 2014). 

Other types of T1D (idiopathic T1D and fulminant T1D) have been described in which no 

antibodies against β-cells are detected in the serum of the patients (Kharroubi and Darwish, 

2015). 

Type 2 diabetes 

T2D, formerly named non-insulin dependent diabetes, is characterized by insulin insensitivity as 

a result of IR and relative insulin deficiency due to partial pancreatic β-cell failure (Kahn, 1994; 

Robbins et al., 2010; Robertson, 1995). IR in target tissues such as liver, muscle and adipose 

tissues (ATs) increases the demand for insulin. The pancreatic β-cells cannot meet this demand 

due to their functionality defects (Halban et al., 2014). As a result of this impairment, blood 

glucagon levels and hepatic glucose production are increased upon fasting and not suppressed 

after feeding. This results in glucose homeostasis dysregulation that leads to hyperglycaemia. 

T2D is characterized by β-cell loss due to apoptosis (Butler et al., 2003) that is caused by multiple 

mechanisms collectively termed as glucotoxicity. These mechanisms include: a) enhanced 

generation of reactive oxygen species (ROS) as a consequence of chronically increased glucose 

metabolism in β-cells (Kajimoto and Kaneto, 2004), b) sustained elevation to cytotoxic levels of 

cellular Ca+2 (Donath and Halban, 2004), c) defective β-cell secretory activity including pro-Islet 

Amyloid Associated Peptide, which promote endoplasmic reticulum (ER) stress (Araki et al., 

2003; Donath and Halban, 2004), and inflammatory Interleukin (IL)-1β (Maedler et al., 2002). 

T2D compromises around 90% to 95% of DM patients, having reached 425 million in 2017. T2D 

symptoms are similar to the T1D, including increased thirst and urination, tiredness and slow-

healing wounds apart from recurrent infections. During the first stages, T2D can be 

asymptomatic and its diagnosis is normally delayed for years, increasing the incidence of long-

term complications. 
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The increased incidence of T2D has occurred in parallel with obesity as is the major cause of IR 

development in peripheral tissues (Reinehr, 2013; 2000). Furthermore, obesity and 

hyperlipidaemia can also cause β-cell apoptosis due to the abnormal accumulation of lipids in β-

cells, thus impairing their functionality (Unger and Orci, 2001; Wrede et al., 2002). 

Therefore, it is of paramount importance to further investigate the crosstalk among obesity, DM 

and IR, to better understand the mechanisms underlying these diseases. Given the direct 

relationship between obesity and T2D development, it is reasonable to believe that an efficient 

treatment for obesity will also lead to reduced T2D incidence. 

2. Impaired mitochondrial function leads to metabolic 
disorders 

2.1 Mitochondria 

Definition 

The mitochondrion is a cytoplasmatic organelle that is responsible for energy generation in the 

cell by metabolizing organic substances (carbohydrates, lipids and proteins) to produce 

adenosine triphosphate (ATP) via oxidative phosphorylation (OXPHOS) (Kusminski and Scherer, 

2012; Osellame et al., 2012; Rogge, 2009). It is believed that mitochondria are evolutionarily 

derived from alphaproteobacterial that operated within cells in endosymbiosis (Wallin, 1927). 

Across evolution, the genes of the endosymbiont were transferred to the genome (nuclear DNA; 

nDNA) of the host cell. In humans, the mitochondrial DNA (mtDNA) encodes for 37 genes, 

including 13 key proteins of the OXPHOS system that require specific mitochondrial translation 

and transduction machinery. Additionally, around 1500 nDNA-encoded proteins (Pagliarini et 

al., 2008) are processed in the cell cytoplasm and imported to the mitochondria at the correct 

stoichiometry via a complex and largely enigmatic process (Ryan and Hoogenraad, 2007; 

Schmidt et al., 2010). 

Structure 

Structurally, mitochondria are double-bound-membrane organelles. Both membranes are 

composed of phospholipidic bilayers and proteins, that enclose the intermembrane space (IMS). 

The outer mitochondrial membrane (OMM) isolates the organelle from the cytoplasm, allowing 

the passage of metabolites through the voltage-dependent anion channel (VDAC) (Colombini et 

al., 1996) and the nuclear-encoded proteins through the translocase of the outer membrane 

(TOM) (Pfanner and Wiedemann, 2002). In addition, two regions in charge of establishing inter-

organelle connections have been described: mitochondria-associated ER membrane, that 



INTRODUCTION 

 15 

interact with ER and inter-mitochondrial junctions that interact with other mitochondria 

(Cogliati et al., 2016). 

The IMS is the smallest sub-compartment of the mitochondria. It contains soluble proteins 

involved in various biological process and acts as a hub between the cytoplasm and the 

mitochondrial matrix (Herrmann and Riemer, 2010). Of crucial importance for the correct 

functionality of the mitochondria is the higher concentration of protons (H+), lowering the pH 

between 0,2 to 1 units when compared with the cytoplasm or the matrix (Cortese et al., 1992; 

Herrmann and Riemer, 2010; Porcelli et al., 2005). The inner mitochondrial membrane (IMM) 

separates the matrix from the IMS and can be subdivided in the inner boundary membrane 

(IBM) and the cristae membrane (CM) (Figure 1). 

 

The IBM contains translocases (translocase of the inner membrane; TIM complexes) that import 

nuclear-encoded proteins to the mitochondria (Van Der Laan et al., 2016). CM are invaginations 

of the IMM that form bag-like structures separated from the IMS by narrow tubular junctions 

(Cogliati et al., 2016). Optic atrophy 1 (OPA1) and MICOS complex are the master regulators of 

cristae dynamics (Frezza et al., 2006; Pfanner et al., 2014). 

The respiratory complexes, that constitute the electron transport chain (ETC), and the ATP 

synthase are embedded on the CM. This characteristic structural organization suggest that 

cristae are specialized compartments influencing the diffusion of key molecules, thus 

modulating the OXPHOS system (Cogliati et al., 2016). The matrix is the innermost compartment 

of the mitochondria that contains hundreds of enzymes required for substrate metabolism 

processes such as the fatty acid oxidation (FAO) and the Krebs cycle (also known as tricarboxylic 

acid cycle (TCA)) as well as the mtDNA and the necessary machinery for DNA replication. 

Figure 1: Schematic representation of mitochondrion structure 
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ATP production and ROS 

The ETC complexes couple the oxidation of Nicotinamide adenine dinucleotide (NADH) or Flavin 

adenine dinucleotide (FADH2), that are produced during glycolysis, the TCA cycle or the β-

oxidation of fatty acids. Electrons are transferred to complex I (NADH dehydrogenase) or 

complex II (Succinate dehydrogenase), and then translocated stepwise to coenzyme Q and 

consecutively to complex III (Ubiquinol-cytochrome c reductase), complex IV (Cytochrome c 

oxidase) that finally reduce the molecular oxygen (O2) producing water. This transference of 

electrons throughout the complexes of the ETC is coupled with the transport of protons (H+) 

from the matrix across the IMM into the IMS, generating an electrochemical gradient that 

powers the ATP synthase to finally produce ATP (Bhatti et al., 2017) (Figure 2). 

The continuous electron translocation through the ETC complexes is an imperfect process in 

which between 0,4% to 4% of all oxygen consumed is incompletely reduced and leads to the 

production of ROS such as superoxide anion (O2
-) and hydroxyl radical (OH) among others. In 

addition to ROS, ETC also generates reactive nitrogen species (RNS) such as nitric oxide (NO). 

Numerous studies show that excessive ROS and RNS production dramatically damage cellular 

structures. However, in recent years it has been evident that these reactive chemical species 

also exert crucial signalling functions, when produced in a well-regulated manner, that are 

fundamental for many biological processes (Di Meo et al., 2016). Indeed, they are implicated in 

the maintenance of homeostasis at the cellular level in healthy tissues by modulating signalling 

pathways acting as second messengers (Harman, 1981). 

To counteract deleterious effects of oxidative damage (due to excessive production of ROS) 

nature has endowed the cells with adequate protective systems. First, by reducing ROS 

production through the dissipation of the proton gradient across de IMM via uncoupling 

proteins (UCPs) (Brand, 2000). This process reduces the production of ATP and generates heat 

as a consequence of proton leak. Second, by dampening ROS levels via antioxidants, that are 

defined as substances that neutralize free radicals or their actions (Ji, 1999). These are divided 

in enzymatic (e.g. Superoxide dismutase, Glutathione peroxidase, Catalase) and nonenzymatic 

(e.g. Vitamins A, C, E; carotenoids and polyphenols) antioxidative mechanisms (Dhawan, 2014). 

Finally, through mitophagy or apoptosis if excessive ROS levels compromise mitochondrial or 

cell function. 

Overproduction of ROS or decreased antioxidant defences, may lead to an imbalance between 

pro-oxidant/antioxidant defence mechanisms thus causing oxidative stress and diverse 

pathologies (Dhawan, 2014). In fact, it is described that excessive generation of ROS causes 
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damage in the structure of the nDNA (Halliwell and Gutteridge, 2015), mitochondrial proteins, 

membranes and mtDNA that eventually compromise ATP generation (Dröge, 2002; Murphy, 

2009) and cellular function. 

 

Since mitochondria is susceptible to a range of cellular and environmental stressors, that may 

result in mitochondrial dysfunction, specific quality control mechanisms exist to protect it 

against these insults. Mitochondrial quality control processes include maintenance of 

proteostasis via mitochondrial unfold protein response (UPRmt), biogenesis, dynamics and 

mitophagy. For the focus of this thesis I am going to lay emphasis on mitochondrial dynamics. 

2.2 Mitochondrial dynamics: a bioenergetic adaptation process 

Several criteria define the dynamic nature of mitochondria. First, mitochondria are actively 

transported throughout the cell cytoplasm and normally positioned in high energy demanding 

sites. For instance, mitochondria in mammalian sperm cells are located at the proximal part of 

the flagellum, thus ideally located to supply ATP to the flagellar motor proteins (Fawcett, 1975; 

Wooley, 1970). Similarly, in muscle cells, mitochondria are situated along the myofibrils assuring 

a proper and uniform ATP supply to the motor proteins during muscle contraction (Ogata and 

Murata, 1969; Ogata and Yamasaki, 1985). In neurons, mitochondria are recruited to high 

energy-demand regions. Mitochondrial membrane potential studies show that mitochondria 

with high membrane potential migrate in the anterograde direction (from the soma to the axon 

Figure 2: Schematic representation of the four complexes of the electron transport chain and the ATP synthase 

As electrons flow along the ETC (red), protons (H+) are pumped from the matrix into the intermembrane space 
through complexes I, III, and IV. Protons then flow back into the matrix through the ATP synthase (blue), producing 
ATP. 



INTRODUCTION 

 18 

tip). On the contrary, lower membrane potential mitochondria migrate in the retrograde 

direction (from the axon tip to the soma) (Santel and Fuller, 2001). 

Second, modifications of the internal structure of the mitochondria in response to the 

physiological state. Reorganization of CM shape is influenced by nutritional status, affecting the 

diffusion of ions, metabolites and proteins thus modulating enzymatic reactions. This 

reorganization is also important for cytochrome c release during apoptosis (Gilkerson et al., 

2003). 

Third, mitochondria also change their shape, size and number as an adaptation to the metabolic 

needs of the cell and in response to environmental cues (Galloway and Yoon, 2013; 

Westermann, 2012). Mitochondria are highly dynamic organelles that constantly undergo fusion 

and fission events, building large intracellular connected networks or producing small isolated 

fragments, respectively (Bereiter-Hahn, 1990). These constant cycles of fusion/fission allow 

mitochondrial content and membrane potential homogenization, thus maintaining a healthy 

mitochondrial population (Figure 3). Of note, mitochondrial structure and functionality are 

closely related to the specific cellular functions of each tissue. Therefore, mitochondrial 

organization and function must be considered within each cell and tissue. 

Mitochondrial fission 

Mitochondrial fission is driven by the constricting action of Dynamin related protein 1 (DRP1), a 

ubiquitous cytosolic protein with Guanosine triphosphate (GTP)ase function. It is recruited by 

proteins (mitochondrial fission 1 (FIS1), Mitochondrial fission factor (MFF), and mitochondrial 

dynamic protein of 49kDa and 51kDa (MiD49, MiD51 respectively)), that are located in the OMM 

fission sites. DRP1 polymerizes, generating constricting filaments around the mitochondria (Bui 

and Shaw, 2013) eventually splitting it into two daughter mitochondria (Figure 3). 

Small fragmented mitochondria, and uncoupled respiration to ATP, is generally associated with 

low energetic-demanding situations such as resting cells or nutrient excess (obesity and T2D) 

(Collins, 2002; Liesa and Shirihai, 2013). Moreover, mitochondrial fragmentation is required for 

a variety of functions such as cell division, releasing of cytochrome c during apoptosis, the 

generation of transportable mitochondria along the cytoskeleton, and is involved in the 

elimination of senescent mitochondria (Detmer and Chan, 2007; Kluge, 2013; Liesa et al., 2009; 

Westermann, 2010). In fact, mitochondrial division frequently produce two daughter organelles 

with different membrane potential. Those with lower membrane potential have also reduced 

levels of OPA1, being less likely to re-fuse and thus, those dysfunctional mitochondrial are 
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removed by autophagy. This mechanism contributes to maintain a healthy mitochondrial 

population (Twig et al., 2008). 

Mitochondrial fusion 

Mitochondrial fusion is tightly regulated by a complex enzymatic machinery including Mitofusin 

(MFN) proteins 1 (MFN1) and 2 (MFN2) as well as OPA1, which are GTPase proteins anchored at 

the outer and inner membranes of the mitochondria, respectively. MFNs are homologous 

proteins that form homotypic (MFN1-MFN1 and MFN2-MFN2) and heterotypic (MFN1-MFN2) 

complexes (Chen et al., 2003a) and are in charge of merging the OMM of two adjacent 

mitochondria. Moreover, OPA1 controls mitochondrial IMM fusion and also cristae remodelling 

(Ishihara et al., 2006; Olichon et al., 2003). 

 

Figure 3: Mitochondrial life cycle and its adaptation to different nutritional environments 

Mitochondria are highly dynamic organelles that constantly undergo fusion and fission events, building large 
intracellular connected networks (1) or producing small isolated fragments (2), respectively. Mitochondrial division 
frequently produce two daughter organelles with different membrane potential. The daughter mitochondria with 
higher membrane potential will return to the fusion/fission cycle (3). Those with lower membrane potential have also 
reduce levels of OPA1 and MFNs (4), being less likely to re-fuse and thus, those dysfunctional mitochondrial are 
removed by autophagy (5). In reduced nutrient environments (starvation, acute stress, and senescence) fusion is 
activated resulting in mitochondrial elongation (top section). In nutrient excess environments (reduced bioenergetic 
efficiency, increased uncoupled respiration) mitochondrial fission is activated resulting in fragmented mitochondria 
(bottom section). Adapted from (Liesa and Shirihai, 2013). 



INTRODUCTION 

 20 

Fused mitochondria are preferred when optimal mitochondrial function is needed 

(Westermann, 2012). It facilitates the distribution of metabolites, proteins and mtDNA while 

contributes to maintain electrical and biochemical connectivity (Kluge, 2013). This exchange of 

contents between mitochondria reduce the mitochondrial heterogeneity, allowing the IMM-ETC 

constituents to mix and cooperate more efficiently. Genetic material combination allows the 

complementation of gene products, thus preventing the accumulation of somatic mutations in 

the mtDNA. In this manner, mitochondrial fusion provides a pathway for defective mitochondria 

to regain vital components, recovering its functionality (Detmer and Chan, 2007). In general 

terms, interconnected mitochondrial networks are associated with high energetically-demand 

physiological processes, such as acute stress, starvation and G1/S phase. For this reason, 

metabolically active cells tend to exhibit elongated mitochondria that contribute to energy 

dissipation (Liesa and Shirihai, 2013; Skulachev, 2001). Conversely, mitochondrial fusion 

disruption results in loss of the respiratory capacity causing mitochondrial dysfunction (Chen et 

al., 2003a, 2005) (Figure 3). 

Mitofusins 

As mentioned above, Mfns are highly homologous proteins (approximately ~80% of similarity in 

mice (Chen et al., 2003a) and in humans (Filadi et al., 2018)). In fact, human MFN1 and MFN2 

share the same relevant functional domains and both are involved in mitochondrial fusion 

(Zorzano et al., 2010). Mfn1 and Mfn2 proteins have GTPase activity, although Mfn2 show lower 

GTPase activity and reduced affinity to GTP than Mfn1 (Ishihara et al., 2004; Neuspiel et al., 

2005). Despite being highly homologous it has been reported that each Mfn protein also has 

exclusive functions. While Mfn1 is crucial for mitochondrial interaction and fusion (Koshiba et 

al., 2004), Mfn2 is also present in the ER, controlling ER morphology and mitochondrial-ER 

interactions (de Brito and Scorrano, 2008; Ishihara et al., 2004). In fact, MFN2 is enriched at ER-

mitochondrial contact regions of the OMM and has been observed an inverse correlation 

between MFN2 expression and mitochondrial-ER distance (de Brito and Scorrano, 2008), 

suggesting its importance in tethering these organelles. 

Moreover, genetic deletion of Mfn2 has been associated with ER stress (Ngoh et al., 2012; 

Schneeberger et al., 2013; Sebastián et al., 2012), probably as a consequence of losing 

mitochondrial-ER contacts (Sebastián et al., 2012). These interconnections directly affect 

mitochondrial lipid biosynthesis (Vance, 1990) and are crucial for the uptake of Ca+2 from ER 

(Rizzuto et al., 1998), contributing to adequate mitochondrial metabolism (Hajnóczky et al., 

1995). 
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Importantly, it has been reported that Mfn2 also plays dynamic-independent functions (Segalés 

et al., 2013). In this study, muscle and liver from mice were infected with a mutant form of the 

human MFN2 lacking mitochondrial fusion activity. Infected mice showed enhanced 

mitochondrial function and stimulated glucose metabolism, without changes in mitochondrial 

morphology. These results suggest that Mfn2 regulates mitochondrial bioenergetics 

independently of mitochondrial conformation alterations (Segalés et al., 2013). 

2.3 Mitochondrial dysfunction & disease: the role of mitofusins 

Given the pivotal role of mitochondria in cellular bioenergetics, mitochondrial dysfunction is 

present in many pathophysiological processes, including metabolic disorders such as obesity and 

T2D (Gao et al., 2014). However, given the scope of this thesis, I will focus this section on 

mitochondrial dynamics and Mfns alterations. 

It is well known that obesity has an impact on mitochondrial dynamics (Jheng et al., 2015; Lahera 

et al., 2017). For instance, reduced Mfns expression and increased expression of fission proteins 

was shown in the skeletal muscle of high-fat diet (HFD)-induced obese mice (Liu et al., 2014). 

Consistent with this, alterations in mitochondrial mass and density, accompanied by reduced 

Mfn2 expression, have been reported in skeletal muscle of obese and T2D rats and patients 

(Bach et al., 2003; Kelley, 2002). Decreased Mfn2 expression was also observed in AT of HFD-fed 

mice, finding that was corroborated in AT from obese versus lean human subjects (Mancini et 

al., 2019). 

Given these evidences, specific studies genetically manipulating Mfns have been performed. 

Global deletion of Mfn proteins in mice is embryonically lethal (Chen et al., 2003a), thus tissue-

specific conditional strategies are required. For instance, congenital Mfn1 and Mfn2 deletion in 

mouse muscle show decreased oxygen consumption, mitochondrial dysfunction and reduced 

endurance exercise capacity (Bell et al., 2019; Chen et al., 2010b). However, upon ageing, only 

Mfn2 deletion in muscle was sufficient to show reduced exercise performance (Sebastián et al., 

2016). 

Other studies show divergent phenotypes upon Mfn1 or Mfn2 ablation. For instance, Mfn2 

hepatic deletion showed increased ROS generation and glucose metabolism alterations 

(Sebastián et al., 2012). Conversely, Mfn1 deficient hepatocytes, displayed increased 

mitochondrial respiratory capacity and reduced respiratory quotient (RQ), improving glucose 

metabolic parameters upon HFD administration (Kulkarni et al., 2016). Another example are the 

studies performed in hypothalamic Proopiomelanocortin (POMC) neurons. While Mfn2 deleted 
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neurons developed obesity (Schneeberger et al., 2013), Mfn1 deficient POMC neurons exhibited 

defective pancreatic insulin release (Ramírez et al., 2017).  

Specific deletion of Mfns in AT demonstrated that Mfn2, but not Mfn1, is crucial for brown 

adipocyte thermogenic function, causing hypertrophy and cold intolerance. Surprisingly, upon 

HFD administration, Mfn2-deficient mice were protected from IR while no effect was shown 

upon Mfn1 deletion (Boutant et al., 2017; Mahdaviani et al., 2017). Moreover, it has been 

reported reduced Mfns expression in WAT of HFD-fed mice. Consistent with this observation, 

mice with Mfn2 deletion in adipocytes developed an obese phenotype characterized by 

increased food intake, adiposity and impaired glucose metabolism (Mancini et al., 2019). 

Interestingly,  most of the phenotypes observed upon Mfn2 deletion are the consequence of  

increased oxidative stress and elevated ROS production, either via direct mechanisms or 

secondary to promotion of ER-stress (reviewed in (Zeeshan et al., 2016)).  

3. The cardiovascular system and endothelial cells 

The cardiovascular system is formed by the heart and interconnected closed tubular structures, 

known as vessels, that transport blood through a complex network composed by arteries, veins 

and capillaries. All vascularized tissues rely on blood vessels for the continuous nutrient and 

oxygen supply, waste product collection, and distribution of signalling molecules and hormones. 

Briefly, highly-oxygenated blood is pumped by the heart through the arteries, arterioles and 

capillary beds. Capillaries form extensive networks that, due to their thin walls, substances can 

easily pass through by diffusion, filtration or osmosis. Oxygen and nutrients move out from the 

bloodstream into the tissues and cells, while waste products move into the capillaries. 

Deoxygenated blood is returned through venules and veins to the heart. Finally, blood enters in 

the pulmonary circulatory system to be replenished with oxygen (Adams and Alitalo, 2007; 

Carmeliet, 2005). 

The innermost layer of the blood vessels (tunica intima), consists of a continuous monolayer 

formed by tightly attached endothelial cells (ECs) that line the luminal surface of the blood 

vessels. During embryogenesis, vessels arise de novo in a process named “vasculogenesis”, in 

which mesoderm-derived cells (angioblasts) are appropriately differentiated into ECs and 

organized creating a primitive vascular plexus of capillaries (Risau and Flamme, 1995). 

Subsequently, ECs proliferate producing new sprouts that will progressively expand this vascular 

plexus forming new blood vessels from pre-existing ones in a process named “angiogenesis”. 

This process is mainly orchestrated by vascular endothelial growth factor (VEGF)-A, that when 
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secreted from non-vascularized tissues, promotes angiogenesis in ECs. Vascular expansion will 

generate highly branched, tree-like tubular networks that need to stabilize by forming tight EC 

junctions, recruiting mural cells and forming an extracellular matrix that will provide surface 

contact with the residing tissues. Vascular remodelling, consisting of a pruning process to 

eliminate redundant vessels, is mandatory to finally acquire a fully functional and optimized 

vasculature (Ferrara and Kerbel, 2005). Once vessels become stable and angiogenesis is not 

further required, VEGF-A signal decreases favouring a shift in the endothelial behaviour from 

active-proliferative to stable-quiescent (Potente et al., 2011). In healthy adult tissues, vessels 

rarely proliferate and are usually found in a quiescent state. Of note, ECs preserve a high 

plasticity to sense and respond to angiogenic signals (Carmeliet, 2000; Potente et al., 2011). 

Vascular network structure formation and differentiation, coupled with residing tissues 

development, is mandatory. ECs need to reach every cell of the organism to be able to fulfil their 

tissue-specific tasks. Thus, ECs are not all alike. Depending on the type of vessel or organ in which 

they are located, ECs exhibit different molecular patterns and functional properties that cause 

extensive heterogeneity in the endothelium (Aird, 2007; Herron et al., 2019; Marcu et al., 2018; 

Nolan et al., 2013). ECs specialization arises from cell-intrinsic developmental programs as well 

as signalling molecules from the microenvironment (growth factors, mechanical forces, 

metabolic stimuli and cell-matrix and cell-cell interactions), further confirming the 

aforementioned exceptional ECs plasticity (extensively reviewed in (Potente and Mäkinen, 

2017)). Although ECs heterogeneity is essential for their function, it hinders scientific research. 

There are few protein/mRNA markers that are specifically or uniformly expressed across the 

endothelium (Garlanda and Dejana, 1997). 

One of the most relevant features of the endothelium that distinguishes it from other tissues is 

its ubiquitous localization. ECs are distributed throughout the organism, invading organs until 

achieving direct contact with almost every single cell of the organism. This distinctive feature 

posits them as key players in maintaining vascular and residing organs homeostasis. Moreover, 

the importance of ECs is highlighted not only by their large number (around one trillion/adult 

human), nor by their ubiquitous distribution, but also by the immense exchange surface with 

the plasma (4,000-7,000 m2/adult human) (Bianconi et al., 2013; Jaffe, 1987). This extensive 

contact area facilitates a precise sensing of the environmental cues that thanks to the impressive 

plasticity of the endothelium allow accurate responses. For instance, during AT expansion ECs 

shift from quiescent to a proliferative state, thus conquering non-vascularized areas. Hence, ECs 

are at the crux of nutrient supply and demand to the extent of being considered as the metabolic 

gatekeepers of the organism (Graupera and Claret, 2018). 
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4. Metabolic disorders and vascular dysfunction  

Many studies have reported that metabolic disorders, such as obesity and T2D, are accompanied 

by EC dysfunction and decreased vascular density (Phoebe A.Stapleton, 2008; Steinberg et al., 

1996). Excessive fat accumulation is a hallmark of obesity that causes AT expandability, either 

by hypertrophy (increased adipocyte volume) or hyperplasia (increased adipocyte number). This 

process requires coordinated vascular angiogenesis to guarantee sustained AT growth. 

Importantly, pathological increase in adiposity also implies the development of hypoxia, 

secretion of proinflammatory cytokines, certain adipokines and free fatty acids (FFA) by 

adipocytes. The continued release of these factors generates a low-grade inflammation status, 

causing oxidative stress and compromising vascular function (Galili et al., 2007; Knudson et al., 

2005; Vigili de Kreutzenberg et al., 2000; Virdis et al., 2011) (Figure 4). 

4.1 Hypoxia and inflammation 

Studies in genetic and diet-induced obese rodents show that impaired white adipose tissue 

(WAT) expansion-associated angiogenesis leads to a reduction in O2 supply, consequently 

inducing hypoxic genes such as hypoxia-induced factor 1- alpha (Hif1-α) (Rausch et al., 2008; Yin 

et al., 2009). This, rather than stimulating angiogenesis, actually accelerates AT fibrosis (Halberg 

et al., 2009). Independently or hypoxia-related, the inflammatory machinery of adipocytes in 

response to stress is activated. It has been reported that AT expansion in humans and animal 

models is associated with enhanced expression of inflammatory cytokines such as IL-1, IL-6 and 

tumour necrosis factor-alpha (TNF-α), mainly inducing pro-inflammatory M1-macrophages 

infiltration (Guzik et al., 2017; Weisberg et al., 2003). Not only the infiltration but also the 

localization of the macrophages is important. More than 90% of the macrophages infiltrated in 

AT in obese mice and humans are localized surrounding death adipocytes creating “crown-like 

structures” (Cinti et al., 2005). 

4.2 Oxidative stress 

In addition to inflammation, oxidative stress has emerged as a mediator of obesity-induced 

endothelial dysfunction (Huang et al., 2015). Inflamed AT is characterized by excessive ROS 

production, and it is intimately related with increased levels of oxidative stress markers in 

plasma of both obese mice and humans (Furukawa et al., 2004; Salgado-Somoza et al., 2010). 

Obesity compromised NO production in ECs and blunted NO signalling cascade in the nearby 

smooth muscle cells (vSMC). Given that NO is a key promoter of vessel dilatation (Palmer et al., 
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1987; Zembowicz et al., 1991), obesity promote vessel constriction (Hirase and Node, 2012; 

Mombouli and Vanhoutte, 1999). Besides, elevated circulating plasma levels of endothelin 1 (ET-

1), a vasoconstrictor and proatherogenic endothelial factor, has been found in obese patients 

(Ferri et al., 2009). The resulting ET-1/NO imbalance leads to pathological vessel constriction 

(Virdis et al., 2015). Of note, vasodilation is known to be induced to counterbalance the 

aforementioned hypoxic effect upon AT expansion (Prieto et al., 2010). Hence, blocking vessel 

dilation in the context of obesity further contributes to endothelial dysfunction. 

Oxidative stress also reduces the amount of bioavailable NO, as it rapidly reacts with superoxide 

anion to form peroxynitrite anion (ONOO-) (Moncada and Higgs, 2006). ONOO- is a potent 

oxidative and toxic radical that damages DNA, proteins and lipids, produces endothelial nitric 

oxide synthase (eNOS) uncoupling, apoptosis, tissue injuring as well as inflammation (Touyz and 

Briones, 2011; Wolin, 2000). As an example, it has been reported that arterial walls from obese 

animals are enriched in nitrotyrosine (an ONOO- marker) (Bourgoin et al., 2008; Galili et al., 

2007; Marchesi et al., 2009; Sánchez et al., 2012). Importantly, some studies show that NO 

reduction itself blocks the endothelial protective mechanisms of this molecule against ROS-

related damage in arteries of genetic and diet-induced obese mice. (Agouni et al., 2009; Erdei et 

al., 2006; Erdos et al., 2004; Erdös et al., 2006; Frisbee and Stepp, 2001; Galili et al., 2007; 

Ketonen et al., 2010a, 2010b; Kobayasi et al., 2010; Lobato et al., 2011; Marchesi et al., 2009). 

ROS production also induces nicotinamide adenine dinucleotide phosphate (NADPH) oxidase 

activity, further augmenting oxidative stress and impairing NO production (Kähler et al., 2001). 

Besides, it regulates the expression of proinflammatory cytokines contributing to inflammation 

(Cardillo et al., 1997; Kobayasi et al., 2010; Pierce et al., 2009) and, in combination with xanthine 

oxidase-derived ROS, leads to eNOS uncoupling (Landmesser et al., 2003; Zou et al., 2002b, 

2002a). Of note, the augmented expression of NADPH oxidase and decreased expression of 

antioxidative defences has been connected with the dysregulation of adipokine production 

(Furukawa et al., 2004). 

4.3 Adipokines 

Adipokines are bioactive products secreted by AT that regulate several physiological functions 

such as energy balance, insulin sensitization, appetite, inflammatory response, and vascular 

homeostasis (Eckel et al., 2005; Kim et al., 2016). Relevant vascular dysfunction-related 

adipokines are here briefly described. 
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Adiponectin 

Unlike most adipokines, adiponectin is decreased with obesity progression and is restored upon 

body weight reduction (Darvall et al., 2007). It has also been associated with health beneficial 

effects in peripheral tissues upon ectopic lipid accumulation in muscle, by promoting FAO and 

glucose uptake (Fruebis et al., 2001; Yamauchi et al., 2001), and in the liver, inhibiting 

gluconeogenesis and lipogenesis, thus preventing hyperglycaemia and steatosis (Berg et al., 

2001; Xu et al., 2003). 

Interestingly, it has been reported that adiponectin has cardioprotective effects, via the 

stimulation of NO production by eNOS phosphorylation (Chen et al., 2003b; Cheng et al., 2007) 

and inhibition of FFAs-induced accumulation of ROS (Motoshima et al., 2004). Recent studies 

report that increased plasma levels of adiponectin are related to decreased oxidative stress 

markers and diminished activation of nuclear transcription factor κ-light-chain-enhancer of 

activated B cells (NF-kB) signalling in animals (Ouchi et al., 2000). Other studies in humans and 

animal models show that adiponectin promotes migration of endothelial progenitor cells (EPCs) 

towards the damaged areas thus promoting their recovery (Fadini et al., 2007; Shibata et al., 

2008). Genetic loss of adiponectin in mice induces a state of endothelial dysfunction prompting 

leukocyte-endothelium interactions, causing generalized vascular inflammation accompanied 

by reduced NO bioavailability. In vitro studies also show that stimulated-endothelial ROS 

production is suppressed by recombinant glomerular adiponectin in a dose-dependent manner 

by inhibiting NADPH oxidases (Motoshima et al., 2004; Ouedraogo et al., 2007). 

Leptin 

Leptin secretion and levels in plasma are positively correlated with fat mass (Rönnemaa et al., 

1997). Leptin mainly acts on hypothalamic neurons to modulate appetite (Hussain and Khan, 

2017) but leptin-resistance, in which high leptin levels are found in plasma (hyperleptinemia), 

or congenitally leptin deficiency is associated with obesity in humans and rodents (Chen et al., 

2006; Galili et al., 2007; Park et al., 2012). In vitro, acute exposure to leptin stimulates NO 

production through protein kinase-B (AKT)-dependent eNOS activation (Blanquicett et al., 2007; 

Procopio et al., 2009). Conversely, hyperleptinemia reduces L-arginine (NO precursor) and 

induces superoxide and peroxynitrite, producing eNOS uncoupling and compromising 

endothelial function (Korda et al., 2008). 

Resistin 

Resistin levels are increased in obesity (Kusminski et al., 2005). It is reported that resistin 

contributes to endothelial dysfunction by promoting the expression of proinflammatory 
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molecules such as TNF-α and IL-6 through Nf-kB and by inducing ET-1 release (Ouchi et al., 2011; 

Singer and Granger, 2007). Resistin directly inactivates eNOS through ROS overproduction and 

by augmenting oxidative stress by enhancing NADPH oxidase activity (Chemaly et al., 2011; Chen 

et al., 2010a). In conclusion, resistin also favours the aforementioned mechanisms of 

inflammation and oxidative stress causing endothelial dysfunction. 

4.4 Lipotoxicity 

Uncontrolled AT expansion in the context of obesity causes an excess in circulating lipids 

(hyperlipidaemia), which is a leading cause of endothelial dysfunction. Continuous exposure to 

high levels of circulating triglycerides (TG), FFA or low-density lipoprotein cholesterol (LDL-C) are 

detrimental for the vasculature and metabolic tissues functionality. This is known as lipotoxicity 

that is defined as the pathological changes resulting from sustained elevated lipids in the 

circulation or tissues (DeFronzo, 2010; Duncan, 2008; van de Weijer et al., 2011).  

EC dysfunction caused by lipotoxicity is mediated through diverse mechanisms, including the 

aforementioned inflammation and oxidative stress. ECs from diet induced-obese animals are 

constantly exposed to high lipid concentrations, and it has been demonstrated that this inhibits 

the insulin-mediated tyrosine phosphorylation of the insulin receptor signalling-1 (IRS-1) and 

eNOS activation in ECs (Kim et al., 2005, 2007; Potenza et al., 2009). 

4.5 Hyperglycaemia and insulin resistance 

IR in vascular ECs has been intimately related to the development of metabolic disorders, such 

as obesity and T2D, as well as hypertension, coronary artery disease and atherosclerosis (Kim et 

al., 2006; Muniyappa and Sowers, 2013). In this sense, it has been demonstrated in animal 

models (Erdei et al., 2006; Galili et al., 2007; Naderali et al., 2001) and in clinical studies (Brook 

et al., 2001; Perticone et al., 2001) that obesity can be the direct cause of systemic endothelial 

dysfunction, through the generation of vascular IR, before being detected in muscle, liver or AT. 

This observation suggests that ECs are more susceptible to nutrient overload (Karpoff et al., 

2009; Kim et al., 2008; Lind et al., 2011; Meyer et al., 2006) and could be explained by the 

differential expression of glucose transporters (GLUT) among tissues. 

In normoglycemic conditions, insulin signalling regulates glucose homeostasis by promoting 

glucose uptake in target tissues (muscle, liver and AT) via GLUT4 translocation to the cell 

membrane, further activating downstream glucose metabolic pathways. However, ECs express 

high levels of the insulin-independent GLUT1. This transporter is not downregulated upon 
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hyperglycaemia, resulting in excessive glucose concentrations in the cytoplasm of ECs. This 

observation explains why ECs are so vulnerable to hyperglycaemia (Eelen et al., 2018). Higher 

glucose concentrations in ECs generates ROS, eventually causing oxidative damage and vascular 

dysfunction observed upon diabetic disorders. 

 

CONCLUDING REMARKS 

As shown in this section, there is controversy in defining the primary cause of vascular 

dysfunction under metabolic disorders situations. The current view suggests that a combination 

of factors as hypoxia, inflammation and lipotoxicity, creates an intricate and interrelated 

cocktail. This pathological microenvironment will eventually produce oxidative stress in ECs, 

compromising its functionality. As explained before, mitochondria are a susceptible target for 

oxidative stress-associated damage. Thereby, endothelial mitochondria are at the crux of 

oxidative stress-associated vascular dysfunction. 

Figure 4: Obesity and metabolic disorders cause vascular dysfunction 

WAT expansion is coordinated with angiogenesis. Under normal calorie intake, WAT exhibit adequate angiogenesis 
and inflammatory homeostasis (upper panel). However, under excess caloric intake, WAT expansion is associated 
with insufficient angiogenesis resulting in local hypoxia and secretion of proinflammatory cytokines, certain 
adipokines and FFA by adipocytes. The sustained release of these factors will generate a low-grade inflammation 
status, that will induce oxidative stress thus compromising vascular function (lower panel). Adapted from (Graupera 
and Claret, 2018). 
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5. Endothelial mitochondria: at the core of vascular 
dysfunction 

This section is focused on the particularities of the endothelial mitochondria, enlightening its 

contribution to the maintenance of physiological homeostasis of the organism. Given that 

metabolic disorders are characterized by both mitochondrial and vascular dysfunction we 

wonder if endothelial mitochondria could play a role in metabolic disorders-associated 

vasculopathies. 

5.1 Endothelial mitochondria 

Mitochondria are mainly recognized for their bioenergetic role, but they also integrate and 

participate in a variety of additional cellular processes. Interestingly, ECs rely upon anaerobic 

glycolysis and therefore the ATP produced by OXPHOS is considered trivial (Dagher et al., 2001; 

Quintero et al., 2006). It is believed that endothelial mitochondria, rather than being a cellular 

energy source, is a signalling platform (Darley-Usmar, 2004) allowing endothelial mitochondria 

to act as sensors, integrators and modulators of ECs responses to the environmental cues. In 

this section I describe the particular function of mitochondria in ECs. 

Mitochondrial content in ECs is lower than in other cell types with higher energy requirements 

that rely on OXPHOS for ATP production. In rats, mitochondria occupy 2-6% of the cytoplasm 

volume of ECs, while in highly active tissues (such as cardiac myocytes) it increases up to 32% 

(Barth et al., 1992; Oldendorf et al., 1977). Variations in mitochondrial content is observed 

among different populations of ECs, depending on the residing organs. As an example, the highly 

active ECs that form the blood-brain barrier (BBB) exhibit a mitochondrial content up to 8% - 

11% (Oldendorf et al., 1977). As previously mentioned, in healthy adults, most ECs remain 

quiescent (Eelen et al., 2018). However, under several conditions such as nutrient or oxygen 

deprivation, tissue damage or pathological situations such as cancer, ECs can rapidly shift to a 

proliferative state creating new sprouts through angiogenesis. This process is intimately 

associated with ECs metabolism since the endothelium must readapt their metabolism to satisfy 

the bioenergetics and biomass requirements of the active cells in a particular environment (De 

Bock et al., 2013; Potente and Carmeliet, 2017) 
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Metabolic pathways 

Several authors have defined ECs as “glucose addicted” (De Bock et al., 2013; Draoui et al., 2017; 

Polet and Feron, 2013), and this definition can be certainly used in proliferative ECs (PECs). When 

angiogenesis is required, proangiogenic-mediated signals, such as VEGF, upregulate glycolysis in 

ECs (Figure 5). This favours glucose uptake and stimulates the activity of key glycolytic enzymes, 

such as phosphofructokinase-2/fructose-2,6-bisphosphatase 3 (PFKB3), that is considered the 

main driver of glycolysis during vessel sprouting (De Bock et al., 2013). Several reasons explain 

why ECs rely more on anaerobic glycolysis than in glucose oxidation, despite OXPHOS yields of 

ATP is much higher (36 mol ATP/glucose molecule) than glycolysis (2 mol ATP/glucose molecule) 

(Zheng, 2012). First, non-oxygen-related energy production facilitates ECs to proliferate into 

hypoxic environments. Moreover, anaerobic glycolysis produces ATP in a shorter period and is 

restricted to the actin fibres that form lamellipodia and filopodia in ECs. As reported, glycolytic 

enzymes are localized in these regions during vascular sprouting (De Bock et al., 2013). Reduced 

OXPHOS implies less ROS production and O2 consumption, maximizing its diffusion to the 

residing tissues. Finally, glycolysis provides essential glycolytic metabolites for the production of 

other macromolecules such as nucleotides, which are required for EC division and migration (De 

Bock et al., 2013; Vandekeere et al., 2015). Unlike other cell types, such as erythrocytes or 

Figure 5: Metabolic requirements of proliferating and quiescent vasculature 

a) Avascular tissues generate a VEGF gradient (light green) that activates the endothelium. ECs change their 
conformation, acquiring an invasive and motile behaviour by creating long actin-rich filopodia in a polarized manner. 
These are highly energy demanding processes. Furthermore, ECs need to produce biomass for the new sprout 
elongation, expansion and matrix production. b) Quiescent ECs rest in well-perfused vessels and facilitates the 
passage of O2 and nutrients for the aerobic metabolism of the residing tissues. The basal metabolic activity of the 
quiescent endothelium must be controlled to prevent excessive nutrient and O2 consumption that would make the 
delivery process less efficient. The high O2 levels in the bloodstream also force ECs to maintain redox balance. Adapted 
from (Potente and Carmeliet, 2017). 
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embryonic stem cells that also rely on glycolysis for energy source (Kondoh et al., 2007), ECs 

conserve functional mitochondria (Blouin et al., 1977). 

In contrast, ECs that are in a quiescent state (QECs) exhibit a completely different metabolic 

signature. In fact, a recent study found that FAO was the only significantly upregulated (3- to 4-

fold) metabolic pathway in QECs when compared to PECs. Conversely, glycolysis, serine 

biosynthesis, TCA cycle, OXPHOS and nucleotide and fatty acid synthesis were downregulated 

(Kalucka et al., 2018). NADPH regeneration, necessary for redox homeostasis, has been 

suggested to be the primary purpose of upregulated FAO in QECs. The expression of many 

enzymes involved in vasculoprotection against oxidative stress are also upregulated in QECs 

(eNOS, prostaglandin g/h synthase PTGS1 and glutaredoxin) (Egan and FitzGerald, 2006; Heiss 

et al., 2015). Interestingly, several of these enzymes require NADPH as a cofactor (Davidge, 

2001; Ulrich et al., 2013). Hence, QECs reprogram their metabolism, increasing FAO, to 

implement a vasculoprotective machinery that relies on NADPH production (Kalucka et al., 2018) 

(Figure 5). 

Mitochondrial-mediated endothelial responses to environmental cues 

a) Oxygen 

Oxygen diffuses through ECs to reach perivascular tissues. ECs consume relatively low oxygen 

(around 15% of the EC ATP is produced via OXPHOS (De Bock et al., 2013)), thus transferring the 

major part of the oxygen to the residing organs (Helmlinger et al., 2000). However, under 

exceptional stress conditions, such as glucose deprivation or oxidative stress, EC mitochondria 

are able to increase respiration significantly (Mertens et al., 1990). Of note, apart from 

participating in oxygen diffusion, ECs have been proposed to act as an “oxygen sink” thus 

preventing excessive oxygen concentrations in perivascular tissues resulting in oxidative stress 

(Golub et al., 2011). Under hypoxic situations in which O2 is not available, VEGF is secreted by 

avascularised tissues. This signalling induces mitochondrial biogenesis via AKT, resulting in 

increased vascular branching (Wright et al., 2008). 

b) Nutrients 

Dietary nutrients also affect EC function through mitochondrial mechanisms. For instance, in 

vitro ECs exposed for 24h to high glucose concentrations increase the expression of 

mitochondrial fission proteins. Mitochondrial dynamics alterations increase ROS production, 

further impairing the activation of eNOS (De Nigris et al., 2015; Shenouda et al., 2011). 

Moreover, sustained high glucose concentrations cause EC dysfunction through induction of 

mitochondrial fission as shown in venous ECs from diabetic patients (Shenouda et al., 2011). This 
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leads to increased ROS production, decreased mitochondrial biogenesis via downregulation of 

peroxisome proliferator-activated receptor γ coactivator-1-α (PGC1α) and ultimately apoptosis 

(Pangare and Makino, 2012; Triggle et al., 2012). Under these conditions, CM structure is altered 

by metalloproteinase 9 activation, resulting in altered membrane potential (Mishiro et al., 2014). 

Lipids also influence the endothelium functionality. It has been reported that angiogenesis 

induced by VEGF is altered by cholesterol efflux from ECs, through promoting oxidative stress 

and mitochondrial biogenesis indirectly (Fang et al., 2013; Wright et al., 2008). Moreover, high 

concentrations of FFA increase ROS and proinflammatory cytokines with a negative impact on 

vascular function (Sawada et al., 2014; Yokoyama et al., 2014). 

The effects of amino acids are less studied, but evidence show that they also affect EC function. 

For instance, glutamine is reported to alter EC proliferation and branching, although the 

underlying mechanisms remain unknown (Lohmann et al., 1999; Unterluggauer et al., 2008). 

Another amino acid that has been reported to modify EC function is L-arginine, that is the 

endothelium-NO precursor. Short-term administration of L-arginine shows that this amino acid 

is converted into citrulline, thus producing NO and favouring vasculoprotective effects. 

However, chronic long-term supplementation of arginine can be harmful to ECs (Wilson et al., 

2007), by producing high levels of NO and resulting in desensitization (Abou-Mohamed et al., 

2000; Bult et al., 1995; De Meyer et al., 1997; Stayner et al., 1992). 

c) Hemodynamics 

Vascular ECs are continuously exposed to blood hemodynamic forces named shear stress. This 

is a key factor that influence EC function, affecting oxidative stress and being a critical step for 

atherosclerosis development (Chatzizisis et al., 2007; Hsieh et al., 2014). Shear stress can 

increase intracellular calcium in ECs (Worthen and Nollert, 2000), that in turn enhance TCA cycle 

activity and ETC electron flow, resulting in increased ROS formation (Traaseth et al., 2004). 

Moreover, mitochondrial membrane potential is preserved upon laminar shear stress (constant 

flow velocity) but hyperpolarized upon pulsatile shear stress (unidirectional, but with magnitude 

oscillations in the flow) leading to increased ROS. In both situations, ROS can be neutralized 

through the inherent antioxidative defences of ECs (Scheitlin et al., 2014). Moreover, oscillatory 

fluid (bidirectional flow with a variation in magnitude) increases NADPH oxidase expression, 

enhancing superoxide production and leading to oxidative stress (Sorescu et al., 2004). This 

upregulates pro-atherogenic and suppresses atherogenic protective genes (Scheitlin et al., 

2014). 
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d) ROS: one signal for all, all for one 

As previously mentioned, ROS has two faces. On the one hand, controlled physiological levels of 

ROS are beneficial as it is a fundamental signalling molecule. On the other hand, when levels of 

ROS exceed the physiological threshold, oxidative stress impair ECs function. In this section, I 

review the specific ROS sources in ECs. 

Complex I and III of the OXPHOS system are the principal producers of ROS. However, the 

amount of endothelial ROS in vivo remains uncertain (Murphy, 2009). Another ROS source is the 

nicotinamide adenine dinucleotide phosphatase oxidase 4 (NOX4), that is highly expressed in 

ECs (Chen et al., 2012). Increased NOX4 activity in ECs has been linked to increased cholesterol 

levels (LDL particularly) and enhanced ROS production thus leading to cell senescence (Li et al., 

2016). ROS-derived NOX4 has been reported to influence endothelial relaxation, thus affecting 

blood pressure (Santillo et al., 2015). Besides, several reports show the implication of NOX4-

mediated ROS production and signalling in cell migration and angiogenesis, hypoxia adaptive 

responses, oxidative stress (Amanso and Griendling, 2012) and stroke (Kleikers et al., 2014). 

The growth factor adaptor protein p66Shc is another ROS source that functions in mitochondrial 

signalling. It generates oxygen peroxide through the oxidation of cytochrome c. High glucose or 

apoptotic signals have been shown to promote the translocation of p66Shc to the IMS where 

generates hydrogen peroxide-mediated signals (Andreyev et al., 2015; Camici et al., 2007; 

Giorgio et al., 2005; Paneni and Cosentino, 2012; Paneni et al., 2012; Trinei et al., 2009). Based 

on these observations, p66Shc seems to connect the environmental sensing and ROS-derived 

signals into the mitochondria. 

Another ROS contributor are the monoamine oxidases (MAO), a family of enzymes localized in 

the OM of the mitochondria. ROS production through MAO is associated with the catabolism of 

catecholamines. Although MAO is expressed in ECs, its role remains poorly understood (Méresse 

et al., 1989). Nevertheless, MAO-derived ROS has been associated with dysfunctional EC-related 

situations such as cardiac remodelling and heart failure in mice (Kaludercic et al., 2010). 

There also exist a process called ROS-induced ROS release, in which non-mitochondrial ROS can 

influence mitochondrial ROS generation (Zorov et al., 2014). This situation occurs through ROS-

mediated opening of the ATP sensitive-potassium channel (mitoKATP), located in the IM. This 

leads to mitochondrial membrane depolarization, that is a mechanism described to protect ECs 

from excessive NO production (Daiber, 2010; Doughan et al., 2008). Nevertheless, it has been 

proposed that this mechanism is also used to amplify ROS levels, thus contributing to EC 

dysfunction (Zorov et al., 2014). 
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CONCLUDING REMARKS 

All the reported ROS sources in ECs rely on mitochondrial performance. As previously described, 

elevated ROS production that cannot be neutralized by the inherent ROS-scavenger mechanisms 

produce oxidative stress leading to mitochondrial dysfunction. In this regard, mechanisms such 

as mitochondrial dynamics are on the crux for maintaining a healthy mitochondrial population. 

Mitochondrial biogenesis, mitophagy and dynamics 

Mitochondrial distribution, biogenesis and dynamics, has also been predicted to determine 

mitochondrial signalling in the endothelium (Park et al., 2011). ECs from rat lungs show 

perinuclear clustering of mitochondria, with ROS release into the nucleus, that regulate hypoxic-

sensitive gene expression (Al-Mehdi et al., 2012). Moreover, in isolated human coronary 

arterioles (HCAs), mitochondria have been reported to be anchored to the cytoskeleton. This 

distribution facilitates shear stress-induced mitochondrial ROS production and subsequent 

dilation of (HCAs) (Liu et al., 2008). 

Mitochondrial content depends on the balance between mitochondrial biogenesis and 

mitophagy. It is known that, similar to other tissues, PGC1α regulates mitochondrial biogenesis 

(Nisoli et al., 2003) and the expression of mitochondrial antioxidant enzymes (mnSOD, Catalase, 

Thioredoxin2), thus protecting against oxidative stress by generating new mitochondria and 

augmenting ROS defences (Afolayan et al., 2016; Valle et al., 2005). PGC1α seems to be also 

induced in PECs, since it regulates genes implicated in lipid and glucose metabolism (Leone and 

Kelly, 2011; Patten and Arany, 2012), it induces VEGF release (Widlansky and Gutterman, 2011) 

and decreases apoptosis (Li et al., 2015). Moreover, diverse models of vascular damage suggest 

that PGC1α exerts a protective effect against vascular dysfunction (Craige et al., 2016). Although 

PGC1α in ECs seems to protect ECs from oxidative stress and dysfunction, there are other studies 

suggesting the opposite. For instance, PGC1α is increased in ECs from diabetic rodents and 

humans, and specific PGC1α overexpression in ECs mimic multiple diabetic phenotypes and 

contributes to diverse aspects of vascular dysfunction in diabetes (Sawada et al., 2014). 

Collectively, these results suggest that the role of PGC1α in EC strongly depends on the context. 

In a similar manner, mitophagy in ECs does not differ from other tissues, being PTEN-induced 

putative kinase 1 (PINK1) and Parkin the major regulators. This process allow ECs to purge 

defective mitochondria avoiding dysfunctional signalling and preventing apoptosis (Green et al., 

2014). Mitophagy deregulation in ECs results in the accumulation of damaged mitochondria that 

leads to increased ROS production, inflammation and cell death. This situation has been 

reported in neurodegenerative disorders (Youle and Narendra, 2011), cardiovascular disease 
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(Craige et al., 2016) and EC dysfunction during ageing (Mai et al., 2010). Genetic knock-down of 

endothelial PINK1 and Parkin leads to mitophagy deregulation and subsequent mitochondrial 

damage and ROS accumulation, resulting in apoptosis (Wu et al., 2015). This observation suggest 

that the PINK-Parkin tandem may act as ECs protectors from metabolic stress derived from 

oxidative stress (Kluge, 2013; Wu et al., 2015). 

Mitochondrial dynamics is also critical for EC function. Although little is known about 

mitochondrial dynamics specifically in ECs, in vitro studies have demonstrated that Mfns are 

important for endothelial functions associated with angiogenesis. Indeed, knock-down of either 

Mfn1 or Mfn2 in human umbilical endothelial cells (HUVECs) results in disrupted mitochondrial 

networks and reduced mitochondrial membrane potential, decreasing VEGF-mediated 

migration and differentiation. Interestingly, only Mfn2 deletion resulted in decreased 

generation of ROS and ETC components as well as increased VEGF-stimulated Akt/eNOS 

signalling pathway (Lugus et al., 2011). These results indicate divergent roles for Mfn proteins in 

ECs. Moreover, as previously mentioned, high glucose concentration favours mitochondrial 

fragmentation, increases ROS production and blunts eNOS activation thereby decreasing NO 

bioavailability in EC in vitro. In this context, blocking mitochondrial fragmentation via genetic 

deletion of fission proteins in ECs restores eNOS activity and NO bioavailability upon high glucose 

concentrations (Shenouda et al., 2011). 

CONCLUDING REMARKS 

Mitochondria in ECs are core organelles implicated in sensing, integrating and transducing 

signals from the environment as well as generating a biological response in accordance. ROS has 

emerged as a key transducer of those signals. However, excessive ROS production in ECs 

mitochondria generates a toxic environment that produces oxidative stress and damages 

mitochondria, thus impairing EC function. These situations of excessive ROS in ECs may be the 

consequence of metabolic disorders-related situations, such as AT expansion and 

hyperglycaemia. Interestingly, in vitro manipulation of mitochondrial dynamics proteins results 

in decreased ROS production and increased eNOS activity (Lugus et al., 2011; Shenouda et al., 

2011). Nevertheless, a further understanding of the mechanisms underlying EC mitochondrial 

dysfunction is necessary to design new therapeutic strategies to hinder the progression of 

metabolic disorders. 

6. Endothelial cells as systemic metabolism modulators 

Metabolic disorders such as obesity and T2D, are accompanied by ECs dysfunction and impaired 

angiogenesis (Phoebe A.Stapleton, 2008). Although these vasculopathies are currently 
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considered as a secondary effect of metabolic diseases, recent studies suggest that ECs could 

also play a primary role as systemic metabolism regulators. In this next section, I will summarize 

the studies in which specific manipulations of EC, have been shown to modulate systemic energy 

imbalance and glucose metabolic disorders. 

6.1 Endothelial interference with systemic metabolism 

Recent studies targeting a range of proteins in ECs have revealed novel molecular players in 

vascular biology implicated in, not only in the onset or the progression of metabolic diseases, 

but also in their protection. To date, diverse transcription factors (P53, Pgc1α, Pparγ, FoxO1, and 

NF-κB), proangiogenic signals (Vegf/Vegfr2; Ang2/Tie2, Dll4/Notch1), insulin cascade elements 

(Irs-2; insulin receptor, InsR) and fatty acid transporters (Notch1, Vegf-B/Nrp1, and Cd36), have 

been identified as critical modulators of the EC function and metabolism (Hagberg et al., 2010; 

Hasegawa et al., 2012; Hashimoto et al., 2015; Jabs et al., 2018; Konishi et al., 2017; Kubota et 

al., 2011; Robciuc et al., 2016; Sawada et al., 2014; Seki et al., 2018; Vicent et al., 2003; 

Yokoyama et al., 2014). The fact that these factors are also altered in obese and diabetic mice 

further supports its importance (Figure 6). 

 

 

P53, PGC1α, PPARγ, FOXOs, and NF-κB

EGF/VEGFR2, ANG2/TIE2, DLL4/NOTCH13

IRS-2, IR, NOTCH1, VEGF-B/NRP1, CD36

Figure 6: ECs influence systemic metabolism 

Studies have shown that EC-specific deletion of certain transcription factors, pro-angiogenic signals and metabolic 
determinants cause systemic metabolic effects. Adapted from (Graupera and Claret, 2018). 



INTRODUCTION 

 37 

6.2 How endothelial cells modulate systemic metabolism? 

Although the mechanisms by which ECs contribute to systemic metabolism regulation are 

currently poorly understood, the studies previously mentioned propose diverse mechanistic 

insights. Based on the ECs effects, these mechanisms can be grouped in the following categories. 

Modulation of NO and ROS signalling 

As mentioned above, oxidative stress and NO are key elements for maintaining EC functionality. 

In this sense, HFD-induced obesity in mice have revealed changes in P53, Pgc1α or Irs2 

expression in ECs from muscle, that have been linked to impaired NO and ROS signalling (Kubota 

et al., 2011; Sawada et al., 2014; Yokoyama et al., 2014). Consistent with this observation, EC-

specific ablation of P53 or Pgc1α promotes NO signalling thus improving systemic metabolism 

(Sawada et al., 2014; Yokoyama et al., 2014). Moreover, studies targeting insulin signalling in 

ECs have shown that insulin itself activates NO production via Pi3k/Akt/eNOS pathway. In this 

sense, specific EC depletion of Irs2 or InsR causes glucose metabolism impairment (Hashimoto 

et al., 2015; Konishi et al., 2017; Kubota et al., 2011). 

Adipose tissue vascularization 

The concept that adequate AT vascularization is mandatory for healthy AT expansion (Rupnick 

et al., 2002) suggests that angiogenesis modulation can be a putative mechanism for treating 

obesity. Although this concept is controversial, it has been reported that direct inhibition of 

angiogenesis in AT promotes unhealthy expansion, causing inflammation and fibrosis, 

culminating in the progression of IR. Conversely, increased angiogenesis results in healthy AT 

expansion (An et al., 2017; Sung et al., 2013). 

As shown in HFD-fed mice, blocking new blood vessel formation by ablating Vegf in adipocytes 

causes hypoxia, inflammation and apoptosis thereby causing metabolic defects (Sung et al., 

2013). This observation provides proof of concept for pro-angiogenic therapies against obesity. 

In this line, angiogenesis induction by promoting Vegf-b/Vegfr1 signalling increases capillary 

density and tissue perfusion thus reducing body weight and ameliorating the metabolic 

complications observed in obese mice (Robciuc et al., 2016; Seki et al., 2018). Other studies have 

shown that angiopoietin (Ang)2 overexpression in AT promotes vascularization and systemic 

metabolic improvements upon HFD administration in mice (An et al., 2017). Moreover, forkhead 

box protein O1 (FoxO1) specific endothelial deletion has reveal similar results (Rudnicki et al., 

2018). 



INTRODUCTION 

 38 

Endothelial uptake of circulating lipids 

Another mechanism that could allocate ECs as putative systemic metabolic modulators, is the 

FA transport through the endothelium. Several studies have target lipid transporters in ECs. 

Deletion of cluster of differentiation 36 (Cd36), peroxisome proliferator-activated receptor 

(Ppar)-γ) or Notch1 signalling inhibition in ECs reduces FA uptake in skeletal muscle, BAT and 

liver, preventing ectopic fat accumulation (Jabs et al., 2018; Kanda et al., 2009; Son et al., 2018). 

Similarly, blocking Vegf-b signalling in ECs diminishes the expression of FA transporters in severe 

obese and T2D mice, thus reducing fat deposition in muscle and pancreatic islets. In this sense, 

preventing lipotoxicity was shown to preserve pancreatic architecture and β-cell function, 

improving glucose metabolism in diabetes and obese db/db mice (Hagberg et al., 2010). 

CONCLUDING REMARKS 

The actual paradigm stating that EC dysfunction is a secondary effect of obesity and other 

metabolic disorders should be revised, as recent data indicates that ECs may be primary 

modulators of systemic energy balance and metabolism. 
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Systemic energy homeostasis is a fundamental biological process to sustain life. The vascular 

endothelium is strategically located, being able to adjust environmental fluctuations with 

physiological requirements of the underlying tissue. Mitochondria have been suggested to act 

as sensors, integrators and modulators of ECs responses to the constantly-changing nutritional 

cues. We hypothesize that mitochondrial function and dynamics in ECs is implicated in the 

systemic regulation of energy balance and metabolism. 

To address this hypothesis, the following specific aims were settled up: 

 
1. Phenotypical characterization of mice with specific deletion of mitochondrial fusion 

proteins (Mfn1 or Mfn2) in vascular ECs. 

 

2. Uncover the molecular mechanisms underlying the phenotypes of mice lacking 

Mitofusin proteins in vascular ECs. 

 

3. Assess the response of mice lacking endothelial Mfn1 or Mfn2 to obesogenic diets and 

ageing. 
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1. Mice and breeding conditions 

All animal work was performed in compliance with the guidelines and legislation of the Catalan 

Department of Agriculture, Livestock, Fisheries and Food, with procedures approved by the 

Animal Ethics/Research Committee of the University of Barcelona. 

Breeders were kept in pathogen-free facility while after weaning sex- and age-matched mice 

cohorts subjected for experiments were housed in a non-pathogen free area. All of them 

maintained in a 12h light/dark cycle in a temperature- and humidity-controlled environment 

with free access to water and standard chow diet (STD) of 2,9Kcal/g (Protein 20% Kcal, fat: 13% 

Kcal and carbohydrates: 67% Kcal; Harlan Research Laboratories) or high fat diet (HFD) of 

4,73Kcal/g (Protein 20% Kcal, fat: 45% Kcal and carbohydrates: 35% Kcal; D12451, Research 

Diets) for the indicated time in each experiment. When stated mice were fasted for 6h or 

overnight (16h). 

To investigate the role of Mfn1 and Mfn2 in ECs, we have generated Pdgfb-iCre-ERT2-Mfn1flox/flox 

and Pdgfb-iCre-ERT2-Mfn2flox/flox by crossing Mfn1flox/flox and Mfn2flox/flox mice (Chen et al., 2007) 

with tamoxifen-inducible Pdgfb-iCre-ERT2 transgenic mice (Claxton et al., 2008). The Cre 

recombinase protein is fused to the mutant form of the human estrogen receptor (ERT2), which 

is not sensitive to estrogen but is responsive to its artificial ligand, 4-Hydroxytamoxifen (4-OHT). 

In the absence of 4-OHT, the CreERT2 protein is kept in the cytoplasm through its sequestration 

by the heat shock protein 90 (Hsp90). Once present, 4-OHT allows the translocations of CreERT2 

to the nucleus to mediate loxP-specific recombination events. To facilitate the nomenclature of 

the different mouse models used throughout the study, mouse lines will be referred as: 1) Pdgfb-

iCre-ERT2-Mfn1flox/flox (referred as “Mfn1i∆EC”); 2) Pdgfb-iCre-ERT2-Mfn2flox/flox (referred as 

“Mfn2i∆EC”); 3) Mfn1flox/flox (referred as “control”); and 4) Mfn2flox/flox (referred as “control”). 

To induce Cre activity and generate conditional knockouts (KO) of Mfn1 and Mfn2 in ECs, 8-

week-old control and Mfn1i∆EC, or Mfn2i∆EC mice received intraperitoneal (IP) injections of 

tamoxifen ((Sigma, T5648) 0,33mg/g body weight) during five consecutive days. After that mice 

were left at least for one week to recover from the IP injections (Figure 7). After tamoxifen is 

Figure 7: In-vivo experimental design 

Mfn1 or Mfn2 gene was induced in 8-week-old mice by tamoxifen administration. Mice were left at least for one week 
to recover from the IP injections before subjected for experiments. 

Age (weeks) Tamoxifen

8 109
Recovery 
period
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administered, it is oxidized in the liver by cytochrome P450 isoenzymes to 4-OHT among other 

metabolites, inducing CreERT2 activity (Crewe et al., 2002). 

2. Mice genotyping and recombination event 

For mice genotyping tail biopsies were collected before weaning. Moreover, to assess Mfn1 or 

Mfn2 recombination event in the vasculature, several tissues from mice were collected two 

weeks after tamoxifen administration. Tissues were lysed with 600μl of 50mM NaOH (Sigma). 

Samples were boiled at 100ᵒC for 15’, vortexed to facilitate the tissue digestion and cooled 

down. Then, 200μl of 1M Tris HCl pH7,5 (PanReac) was added to each sample. Samples were 

vortexed, spun down and kept at 4ᵒC until processed for DNA amplification. For bone, pituitary 

and hypothalamus samples (DNA extraction kit; gDNA Mini Tissue Kit CS11204 or gDNA Micro 

Tissue Kit CS11203 from Invitrogen) was used to isolated and purified DNA. 

2.1 Polymerase chain reaction 

Polymerase chain reactions (PCR) were performed preparing the following mix: 1μl of DNA 

sample, 10μl of EconoTaqMIX (Promega), 2μl of 5μM primer pool (forward + reverse) and ddH2O 

water up to 20μl. Primers sequence, amplification programs and PCR products from the different 

PCRs performed in this project are summarized in Table 1. 

PCR system 9700 (Applied biosystems) was used to perform PCRs. PCR products and a DNA 

ladder were then load on a 3% agarose (Sigma) gel diluted in Tris-Acetate-EDTA (TAE) buffer 1X 

(from a TAE 50X stock: 242g Tris base (Sigma), 57,1ml acetic acid glacial (Panreac) and 100ml 

EDTA 0,5M pH8 (Gibco, #15575) in ddH2O) with Midori green dye (Nippon Genetics) 

(10μl/100ml agarose solution). Gel was run enough time to achieve adequate separation of the 

PCR product bands. 

PCR Primers sequence (5’-3’) Amplification program PCR bands 

Pdgfb 
Cre 

FW: CCAGCCGCCGTCGCAACT 
RV: GCCGCCGGGATCACTCTCG 
 
FW IL-2 internal control: 
CTAGGCCACAGAATTGAAAGATCT 
RV IL-2 internal control: 
GTAGGTGGAAATTCTAGCATCATCC 

1) Denaturation: 94ᵒC/4’ 
2) 35 cycles 

Denaturation: 94ᵒC/30” 
Annealing: 57,5ᵒC/45” 
Elongation: 72ᵒC/1’ 

3) Cooling: 4ᵒC/hold 

Cre band: 
500bp 
Internal 
control: 
350bp 

Mfn1 FW: TTGGTAATCTTTAGCGGTGCTC 
RV: AGCAGTTGGTTGTGTGACCA 

1) Denaturation: 
94ᵒC/30” 

2) 35 cycles 

WT band: 
350bp 
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Denaturation: 94ᵒC/30” 
Annealing: 58ᵒC/1’ 
Elongation: 72ᵒC/1’ 

3) Elongation: 72ᵒC/1’ 
4) Cooling: 4ᵒC/hold 

Unexcised 
conditional: 
450bp 

Mfn1 
deletion 

FW: TTGGTAATCTTTAGCGGTGCTC 
RV: TTAAAGACACGGCTAATGGCAG 

1) Denaturation: 94ᵒC/5’ 
2) 35 cycles 

Denaturation: 94ᵒC/30” 
Annealing: 58ᵒC/1’ 
Elongation: 72ᵒC/1’ 

3) Elongation: 72ᵒC/1’ 
4) Cooling: 4ᵒC/hold 

Excised 
band: 325bp 
WT band: 
691bp 
Unexcised 
conditional: 
793bp 

Mfn2 FW: GAAGTAGGCAGTCTCCATCG 
RV: AACATCGCTCAGCCTGAACC 

1) Denaturation: 94ᵒC/5’ 
2) 35 cycles 

Denaturation: 94ᵒC/30” 
Annealing: 60ᵒC/1’ 
Elongation: 72ᵒC/1’ 

3) Elongation: 72ᵒC/1’ 
4) Cooling: 4ᵒC/hold 

WT band: 
145bp 
Unexcised 
conditional: 
180bp 

Mfn2 
deletion 

FW: GAAGTAGGCAGTCTCCATCG 
RV: CCAAGAAGAGCATGTGTGC 

1) Denaturation: 94ᵒC/5’ 
2) 35 cycles 

Denaturation: 94ᵒC/30” 
Annealing: 60ᵒC/1’ 
Elongation: 72ᵒC/1’ 

3) Elongation: 72ᵒC/1’ 
4) Cooling: 4ᵒC/hold 

Excised 
band: 240bp 
WT band: 
710bp 
Unexcised 
conditional: 
810bp 

 

Table 1: PCR conditions, primer sequences and amplified DNA bands 

3. Physiological parameters 

3.1 Body weight 

Mice were weekly weighted in a scale from weaning. During body weight assessment any other 

physiological test was performed, and mice manipulation was avoided in order not to affect the 

mice body weight profile. 

3.2 Body composition 

Quantitative magnetic resonance 

Body composition in anaesthetized live mice was measured to asses absolute amount of body 

fat and lean tissue via quantitative magnetic resonance (QMR) instrument, EchoMRI, (Echo 

Medical Systems). This technique was performed for the in direct calorimetry studies in 
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collaboration with Ruben Nogueiras’ group at the Department of Physiology (CIMUS, University 

of Santiago). 

Nuclear magnetic resonance imaging 

Body composition in anaesthetized live mice was measured to assess the differential distribution 

of fat among the animal models used in this study. Nuclear magnetic resonance imaging (NMRI) 

studies were conducted on a 7.0 T BioSpec 70/30 horizontal animal scanner (Bruker BioSpin, 

Ettlingen, Germany). Images were acquired by an axial Turbo RARE (Rapid Acquisition with 

Relaxation Enhancement) sequence without suppressing the fat signal. AT compartments were 

segmented semi-automatically using the image analysis software ITK-SNAP, version 3.4.0 

(Yushkevich et al., 2006). 

Foreground seeds are placed manually in the AT depots. An algorithm determines the boundary 

between the total AT and other tissues based on voxel intensity threshold. Segmentations were 

performed in a three-plane view and were automatically reviewed until the segmentation was 

satisfactory. Form the total AT volume, visceral depot was manually segmented since is well 

defined inside parietal peritoneum. Subcutaneous white AT (sWAT) volume was then calculated 

as the difference between the total and the total and the visceral white AT (vWAT). 

3.3 Blood pressure and heart rate determination 

Tail-cuff blood pressure (BP) and heart rate were measured for five (two for acclimation and 

three for measurements) consecutive days in mice cohorts of around 20- or 70-week-old mice 

using a computerized tail-cuff system (BP-2000 Blood Pressure Analysis System - Bioseb). 

3.4 Blood collection and measurements 

Plasma samples 

Blood was collected via tail vein or trunk bleeds using EDTA-coated Microvettes (Starstedt) from 

fed or fasted animals at 10am. Microvettes were kept on ice and then centrifugated (3600 

rotations per minute (rpm) for 20’ at 4ᵒC) and plasmatic supernatant was collected. Plasma was 

stored at -20ᵒC.  

a) Insulin plasma 

Insulin plasma was measured according to the manufacturer’s instructions using commercially 

available ELISA Kits (#90080) from Crystal Chem. 
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b) Free fatty acid 

To assess FFA release upon fasting, plasma samples were collected before (fed state 6pm) and 

after fasting the animals overnight (fast state 10am). Plasma non-esterified fatty acids (NEFAs) 

were measured following the recommended protocol form the manufacturer (NEFA-HR (2), 

Fujifilm-WAKO). 

Blood samples 

Blood was collected via trunk in EDTAK2 coated tubes (BD Microtainer K2E Tubes, 365975). Then 

blood samples were kept at 4ᵒC for a maximum of 24h before performing a total blood 

hemogram analysis of the samples. Blood glucose was measured using a glucometer (Arkray) via 

tail tip cut. 

3.5 Urine collection and measurements 

Urine samples were collected at 9am over three consecutive days. Mice were gently hold 

allowing to urine freely on a clear plastic wrap. Then later urine was collected and kept at 4ᵒC 

for a maximum of one week. 

Urine glucose was measured with a glucometer (Arkay). For renal damage analysis urine content 

of albumin and creatinine were measured using commercially available ELISA Kits (Crystal Chem; 

#80630 and #80350, respectively). 

3.6 Faeces collection and measurements 

Faeces were collected daily from the mice cage for four consecutive days and kept at -20ᵒC. Later 

samples were heated at 60ᵒC for desiccation of the sample. For that sample weight was 

monitored every 2h till a stable weight was achieved. For TG measurements see section 9.1. 

Nitrogen content 

Nitrogen content in faeces was determined by the Kjeldahl method. This technique was 

performed in collaboration with Xabier Remesar’s group at the Department of Nitrogen-Obesity 

(University of Barcelona). Briefly, 1g of samples were digested in 15ml of concentrated sulfuric 

acid (H2SO4) with 7g of copper (II) sulphate (CuSO4). The mixture was boiled at 400ᵒC and then 

were cooled down by adding water. Then the pH of the mixture was increased by using sodium 

hydroxide (45% NaOH solution). This transforms the ammonium (NH4
+) ions (which are dissolved 

in the liquid) to ammonia (NH3), which is a gas. Then ammonia is distilled into boric acid (H3BO3) 

and borate anions formed are titrated with standardized hydrochloric acid (HCl), which is 
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calculated the content of nitrogen representing the amount of crude protein in the sample. Most 

proteins contain 16% of nitrogen, thus the conversion factor is 6,25. 

Gross energy 

Energy content in faeces was measured using a calorimetric bomb in the Animal Nutrition 

Laboratory SERIDA (Villaviciosa, Spain). 

3.7 Neuro-state tests 

Experiments in aged mice required a previous clinical and neurological evaluation to guarantee 

a healthy status of the mice for performing the behavioural tests. A summary of different tests 

performed, and its evaluation criteria are shown in Table 2. 

Test Description Range 
System 

evaluated 

Outreach 
response 

Holding the animal 
by the tail and move 
it towards a plane 
surface. 

When are the paws extended? 
0 = the paws are not extended. 
1 = after the contact with the 
surface. 
2 = before the contact with the 
whiskers. 
3 = after the contact with the 
whiskers. 
4 = when the movement starts. 

Visual/ 
vestibular 

Visual 
capacity 

Bring a pencil closer 
to the mice when 
holding the animal 
by the tail and move 
it towards a plane 
surface. 

When are the paws extended? 
0 = the paws are not extended. 
1 = after the contact with the 
pencil. 
2 = before the contact with the 
whiskers. 

Visual 

Twisting Hold the mice by the 
tail. 

0 = no twisting 
1 = twisting 

Vestibular 

Stand up 
reflex 

Throw the mice 
making a loop. 

0 = land on their paws. 
1 = land sidewise and turn. 
2 = land on its back and turn. 
3 = land on its back and is not 
able to turn 

Vestibular 

Negative 
geotaxis 

The mouse is left in 
an angled grill facing 
the lower part. 

0 = turn and go up in the grill. 
1 = turn and stays in the same 
position. 
2 = moves without turning. 
3 = does not move for 30”. 
4 = falls. 

Vestibular/ 
strength 
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Corneal 
reflex 

Bring a swag closer 
to the animal eye. 

0 = no reaction. 
1 = one blink. 
2 = multiple blinks. 

Corneal 
reflex 

Outer ear 
withdrawal 
reflex 

 0 = no reaction. 
1 = a tiny retraction of the outer 
ear. 
2 = multiple retraction of the 
outer ear. 

Touch 

Flight 
response 

Touch the back of 
the mice with a 
finger. 

0 = no reaction. 
1 = escape after strong touch. 
2 = escape after a soft touch. 
3 = escape when the hand is 
getting closer. 

Touch/reflex 

Paw 
withdrawal 
reflex 

Pressing the back-
paw joint with 
forceps. 

0 = no reaction. 
1 = soft retraction. 
2 = moderate retraction. 
3 = quick retraction. 
4 = quick and repeated retraction. 

Nociception 

Piloerection  0 = absence. 
1 = presence. 

Anxiety/ 
excitation 

Tail elevation Tail elevation degree 0 = flaccid. 
1 = horizontal. 
2 = elevated. 

Anxiety/ 
excitation 

 

Table 2: Test performed to assess the neurological state of the animals 

3.8 Physical activity 

Open field 

Unidentified mice were placed individually in the centre of a novel open space; an opaque 

plexiglass box (35x35x35cm) in a room illuminated at ≈30lux. Exploratory activity was recorded 

by a camera for 15’, subsequently mice were identified and returned to their home cage (Figure 

8). After each trial, the arena was cleaned with a disinfectant and left for 2’ to eliminate aversive 

odours. Videos were automatically analysed by a video tracking software (Smart v3.0; Panlab). 

Open field (OF) test was performed in mice cohorts of around 20 or 70 weeks of age. 

 Figure 8: Schematic representation of the open field test 
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Rotarod 

Motor coordination and balance were evaluated on an accelerating rotarod apparatus. Mice 

were placed on a motorized rod (30mm diameter) (Figure 9). The rotation speed gradually 

increased from 5 to 40 rpm over the course of 300”. The time latency was recorded when the 

mice were unable to keep in the rod and fell. Two tests were performed daily for five consecutive 

days. Five tries were given to each mouse to improve its previous results, if not the highest 

latency was recorded. Last day tests recordings were considered for the result. 

 

Balance beam 

Mice were placed on a wooden squared prism of 1m long, 15mm of flat surface resting 50cm 

from the bench. The beam was placed creating a bridge between two flat open spaces. The test 

consisted of two sessions separated by 4h. Animals were allowed to run for 2’ along the beam 

that was divided into 14 segments of 5cm each (Figure 10). The latency to run 30 frames was 

recorded as a result. 

 

3.9 Cognition 

Novel object recognition test (NORT) was performed in the same arena used for the OF. Two 

days before performing the test, animals were exposed to the arena (10’ session/day) to 

acclimatize with the environment. This session is referred as “familiarization”. For the first object 

session, referred as “exploration”, two identical items were placed in different locations within 

the arena. Mice were placed in the centre of the arena and were left free to explore the objects 

for 10’. The session was recorded and the time of exploration of each item was manually 

Figure 9: Representative image of mice 

performing the accelerating rotarod 

Figure 10: Schematic representation of the balance beam test 
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recorded. A minimum of 10” of active exploration of the objects was required to keep on with 

the experiment. 

Two hours later, the second object session, referred as “recognition”, was performed. It took 

place in the same environment as the familiarization and exploration session. This time one of 

the previously exposed and a novel, that the animal was never been exposed to, were placed in 

the arena. Positioning of the objects within the arenas was consistent across trials. (Figure 11). 

The animal was left to freely explore both objects for 10’. This task takes advantage of the 

natural curiosity of mice to explore novel objects rather than familiar objects (Ennaceur and 

Meliani, 1992). Mice that fully encoded memory for the exposed objects, should remember the 

previously exposed object and spent more time exploring the novel object during the 

recognition session. Rodents with impaired memory will do not have the ability to recognize the 

previously exposed object, thus exploring equally both objects. The recognition session was 

filmed and the time of exploration of each item was manually recorded and used to calculate 

the discrimination index: 

!"#$%"&"'()"*'	"',-. = )"&-	-.01*%"'2	'*3-1	*45-$) − )"&-	-.01*%"'2	7(&"1"(%	*45-$)
)*)(1	)"&-	-.01*%"'2	4*)ℎ	*45-$)#  

Discrimination index values equals to 0, indicates equal exploration on both objects, equals to 1 

preference for the novel, and equals to -1 preference for the familiar. 

 

3.10 Neuromuscular function 

Mice were left in a grill facing down 25cm from the 

bench. The mice have to make an effort against the 

gravity forces and their body weight (Figure 12). The 

latency to fall is recorded and data were corrected by 

body weight. 

Familiarization Exploration Recognition

Figure 11: Schematic representation of the NORT 

Figure 12: Schematic representation of the 

strength test performed 
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3.11 Skeletal analysis 

Femur samples from around 20- and 70-week-old mice were dissected and cleaned of soft 

tissue. High-resolution images from the femur were acquired using a microtomographic imaging 

system (Skyscan 1076; SkyScan). Samples were scanned in air at 50kV and 200μA with an 

exposure time of 800ms, using a 1-mm aluminium filter and an isotropic voxel size of 9μm. Two-

dimensional images were obtained every 0,6ᵒ for 180ᵒ rotation. Two-dimensional captions were 

subsequently reconstructed in order to obtain 3D images using NRecon reconstruction software 

and analysed with CT-Analyser (SkyScan).  

For trabecular measurements, manual volume of interest (VOI) was employed, starting at 100 

slices from the distal growth plate of the femur and extending to the diaphysis for 150 slices. 

Thus, VOI was manually drawn every 25 stacks. Cortical measurements were performed by 

delineating the femur medial cortex for 100 slices around the femoral midshaft. A Gaussian 

noise filter was applied for the reconstruction and a global binary threshold was manually 

established at 15 for trabecular analysis and 100 for cortical analysis. 

In order to determine the bone mineral density of the samples, we scanned two different 

phantoms fitting with the size of the mice femurs (2-mm diameter approximately). Once two-

dimensional images were obtained under the same settings as samples, the reconstruction was 

achieved with the same software conditions as for trabecular measurements. The phantoms 

used are made of hydroxyapatite and they have a known density of 0,75g/cm3 and 0,25g/cm3. 

This allowed us to compare our samples with known densities achieving a real bone mineral 

density value for our samples.  

These studies were conducted in the laboratory of Francesc Ventura at the Department of 

Physiological Science at the University of Barcelona. 

3.12 Lifespan 

Mice were housed in the animal house facilities in ad libitum chow diet and water conditions. In 

order to minimize the disturbance of the animal, monthly body weight was monitored. From 50 

weeks of age onwards, mice were checked regularly to report development of any possible age-

associated pathology and to guaranteed healthy life conditions of the mice. Date of death were 

recorded, and post-mortem necropsy was performed to the mice to identify the cause of death. 
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4. Feeding, metabolic and energy expenditure 
assessments 

4.1 Daily food intake 

Mice were individually housed and acclimatized for 1 week prior to study. Food intake was 

measured for 5 consecutive days at different ages (specified in each experiment). A known 

amount of food was given to each mouse the first day and food was reweighted daily. Food 

consumed by the animal was calculated by difference. 

4.2 Glucose tolerant test 

To evaluate glucose homeostasis, glucose tolerant test (GTT) was performed in sex- and age-

matched mice cohorts. Briefly, an adequate bolus of glucose was injected in mice and by 

assessing blood glucose clearance, differences in glucose uptake by peripheral tissues were 

evaluated. Glucose uptake by peripheral tissues depends on the quantity of insulin present in 

the blood and on the sensitivity to insulin by peripheral tissues. 

Body weight of overnight fasted animals were recorded to calculate a suitable dose of glucose 

for each mouse. Initial glucose was measured with a glucometer (Arkay) from tail vein blood. 

Afterwards, mice were IP injected with a 2g/kg dose of D-glucose (Fresenius Kabi). Blood glucose 

levels were measured at 15, 30, 60 and 120 minutes after glucose injection via tail tip cut.  

4.3 Insulin tolerance test 

To evaluate IR, insulin tolerance test (ITT) was performed in sex- and age-matched cohorts of 

mice. Similar to GTT, in ITT blood glucose is monitored after an adequate insulin bolus was 

administered via IP injection. The degree of blood glucose clearance is indicative of the 

sensitivity to insulin by the peripheral tissues. Differences in body weight and composition 

compromise insulin sensitivity, for that insulin dose was optimized for each mice model and 

treatment. 

Body weight from 5-6h food-deprived mice was recorded to calculate a suitable dose of insulin 

(Lilly) for each mouse. Initial glucose was measured with a glucometer (Arkay) from tail vein 

blood. Afterwards, insulin (0,2 to 0,4UI/Kg; specified in each experiment) was IP injected. Blood 

glucose levels were measured at 15, 30, 60 and 120 minutes after glucose injection via tail tip 

cut. 
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4.4 Glucose-stimulated insulin secretion 

To evaluated insulin release by the pancreas, a glucose-stimulated insulin secretion test (GSIS) 

was performed in sex- and age-matched mice cohorts. In order to force the pancreas to release 

insulin stored and produce the novo insulin, a dose of 3g/kg of glucose was administered via IP 

to overnight fasted mice. Glucose was measured with a glucometer (Arkay) and blood samples 

were collected in EDTA-coated Microvettes (Starstedt) to measure plasma insulin content, from 

the tail vein. Those measures were performed in the basal state and 2 (stored insulin release), 5 

and 20 (de novo insulin release) minutes after glucose injection. 

4.5 Homeostatic model assessment of insulin resistance index 

Overnight fasting blood samples were obtained for serum insulin determinations and plasma 

glucose was measured using the glucometer in order to calculate the homeostatic model 

assessment of IR index (HOMA-IR) using the following formula: 

HOMA IR = [Fasting insulin (mg/dL) x Fasting glucose (mU/L)] / 405 (Yokoyama et al., 2003) 

4.6 Indirect calorimetry 

Indirect calorimetry studies were performed using a TSE LAbMaster Metabolic cage system (TSE 

Systems), in collaboration with Ruben Nogueiras’ group at the Department of Physiology 

(CIMUS, University of Santiago). Individually housed mice were acclimatized for 24h into the test 

chambers and monitored for 48 additional hours. The system determines the volumes of O2 

consumed and the CO2 produced. This data was used for the calculation of the RQ and to 

indirectly determine energy expenditure (EE). In the abbreviated Weir equation kcal per day are 

calculated as follows: [3.94(VO2) + 1.11 (VCO2)]1.44 (Weir, 1949). Food intake and locomotor 

activity (LA) (measured by beam breaks) were measured in parallel. 

RQ is calculated as the ratio between CO2 volume eliminated and O2 volume consumed, obtained 

by indirect calorimetry studies. This value typically ranges between 0,7, indicating that fat is 

being metabolized and 1,0 for carbohydrates utilization. 

4.7 Thermal imaging 

Skin temperature surrounding the interscapular brown adipose tissue (iBAT) area was measured 

using a high-resolution infrared camera (FLIR systems). Four pictures were taken from each 

mouse and the average temperature was calculated. 
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5. Immunofluorescence 

5.1 Frozen tissue 

Freshly isolated tissue (liver and muscle) was snap-frozen, embedded in optimal cutting 

temperature (OCT) compound and stored at -80°C. Immunofluorescence was performed on 5μm 

sections that were cut at the cryostat and placed on Poly-L-Lysine treated microscope slide. First, 

samples were washed 3 times in phosphate-buffered saline (PBS) for 10'. To avoid unspecific 

signal, samples were incubated with blocking solution (PBS 5% donkey serum) for 1h at RT. After 

that primary antibody, cluster of differentiation 31 (CD31) (ab28364) was added 1:50 in blocking 

solution and samples were kept overnight at 4°C in a humid chamber. The next day samples 

were washed 3 times in PBS for 10' and incubated with secondary antibody conjugated with 

Alexa dye 549 (A21207, Invitrogen) 1:1000 in blocking solution, for 1h, at room temperature (RT) 

in a dark humid chamber. Then samples were washed 3 times in PBS for 10’ and mounted with 

mounting media (S3023, DAKO). Images were taken in a fluorescent microscope Olymous Bx-

41-TR using a 40X objective. CD31 immunostaining was used to determine vessel density using 

Image J. 

5.2 Whole mount adipose tissue 

Fresh isolated ATs were fixed overnight at 4ᵒC in 4% paraformaldehyde (PFA). Then tissues were 

washed with gently rocking 3 times for 10’ and stored at 4ᵒC in PBS with 0,005% NaAz. 

Immunofluorescence was performed on small ATs pieces that were incubated in blocking 

solution (PBS 5% donkey serum) for 2h at RT. Primary antibody TOM20 (Santa Cruz, sc-11415) 

was incubated overnight at RT with 300rpm shaking. The following day samples were washed 

over day in permeabilization solution (PBS 0,3% Triton 100X). Secondary antibody conjugated 

with Alexa dye 488 1:250 and isolectin GS-IB4-568 (IB4) (Molecular probes I21412) 1:300 in 

permeabilization solution was incubated overnight at 4ᵒC 300rpm shaking. Next day samples 

were washed with permeabilization solution, gently rocking 3 times for 10’ and stored at 4ᵒC in 

PBS with 0,005% NaAz covered from light. 

For IB4 quantification, confocal images were taken using a 20X objective. All images in maximal 

z-stack projections, were processed and analysed using Image J. Vessel density was calculated 

by measuring IB4 positive area within affixed square template (200μm2). For TOM20 analysis, 

confocal images were taken using a 63X zoomX4. All images were processed with Image J and 

quantified using a specific macro generated for this quantification. 
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6. Vessel permeability assay 

Vessel permeability was assessed in 13-week-old mice cohorts. Briefly, mice were anaesthetized 

with isoflurane and injected with 200μl of 0,5% evans blue (EB) solution in PBS via tail vein. After 

that mice were placed back into their cage for 30’. After that, tissues were weighted and 

incubated in 500μl formamide for 24h at 55ᵒC. then, samples were centrifuged and absorbance 

at 612nm was measure. Extravasated EB tissue content (mg) was calculated and normalized per 

mg of tissue (Radu and Chernoff, 2013). 

7. Gene expression analysis 

7.1 RNA extraction and quantification 

To analyse gene expression frozen tissues were pulverized under liquid nitrogen and 50mg 

portions were transferred to RNAse free tubes. For RNA extraction TRIzol reagent (Invitrogen) 

protocol was used. Briefly, samples were homogenized in 1ml TRIzol reagent using a high-speed 

tissue homogenizer (Ika Ultra Turrax T8.10). ATs samples were centrifuged for 15’ at 12000g at 

4ᵒC, then clear supernatant was placed in a new tube (this additional centrifugation was only 

performed in ATs samples to remove excessive fat). Next, 200μl chloroform/ml TRIzol reagent 

was added and samples were shaken vigorously for 30”. After 3’ of incubation at RT, samples 

were centrifuged as before. Then the upper-aqueous phase was transferred to a new tube and 

500μl chloroform/ml TRIzol reagent of 2-propanol (Sigma) was added. Subsequently, samples 

were left at -20ᵒC and centrifuged for 10’ at 12000g at 4ᵒC. Then 1 volume of 70% EtOH was 

added and samples were vortexed followed by a 10’ centrifugation at 12000g at 4ᵒC. Then RNA 

pellets were left to dry for 5-10’ by air-drying and were resuspended in a suitable amount of 

RNAse free water. Finally, RNA samples were left for 10’ at 55ᵒC to facilitate dissolution and 

were subjected for quantification in the Nanodrop (Thermo Scientific). 

7.2 cDNA synthesis 

cDNA was synthetized from 1μg of RNA using the High Capacity cDNA Reverse Transcription Kit 

(Applied Biosystems) following the recommended protocol form the manufacturer. Briefly, 10μl 

of the reaction mix (Table 3) was added to 10μl of diluted RNA sample in RNAse free water. 

Tubes were placed in a thermal cycler, and retrostrasncription was archived following the 

program: 10’ at 25ᵒC, 2h at 37ᵒC, 5’ at 85ᵒC, hold at 4ᵒC. 
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Reagents Volume for 20 μl reaction 

10x RT buffer 2 μl 
25x dNTPs mix 0,8 μl 
10x Random primers 2 μl 
RNAse inhibitor 1 μl 
RT enzyme 1 μl 
Nuclease free water 3,2 μl 
Total volume 10 μl 

 

       Table 3: RT reaction mix 

7.3 Quantitative reverse transcription PCR  

Quantitative reverse transcription PCR (qRT-PCR) was performed using Premix Ex TaqTM (Takara) 

and run in an ABI Prism 7900HT sequence detection system. For the reactions, 5μl of cDNA 

samples (diluted in 1/10 in nuclease-free water) were mixed 5μl of the Taqman Gene Expression 

assay FAM/TAMRA primers (Applied Biosystems) (diluted 1/11 in Universal PCR Mastermix with 

ROX dye (Takara)). The archived following the program: 10’ at 25ᵒC, 2h at 37ᵒC, 5’ at 85ᵒC, hold 

at 4ᵒC. qRT-PCR program includes Segment 1: 1 cycle of 30” at 95ᵒC and Segment 2: 40 cycles of 

5” at 95ᵒC and 1’ at 65ᵒC. Results were expressed in cycle threshold (Ct) values. 

 

 

 

 

 

 

 

 

 

 

 

   Table 4: Probes used for gene expression analysis 

 

Name Reference Company 

β-actin Mm00607939_s1 Applied Biosystems 
Cdh5 Mm00486938_m1 Applied Biosystems 
Cidea Mm00432554_m1 Applied Biosystems 
Dio2 Mm00515664_m1 Applied Biosystems 

Elovl3 Mm00468164_m1 Applied Biosystems 
Hprt Mm00446968_m1 Applied Biosystems 
Kdr Mm00440099_m1 Applied Biosystems 

Mfn1 Mm00612599_m1 Applied Biosystems 
Mfn2 Mm00500120_m1 Applied Biosystems 
Opa1 Mm00453879_m1 Applied Biosystems 

PGC1α Mm01208835_m1 Applied Biosystems 
Prdm16 Mm00712556_m1 Applied Biosystems 

Tbp Mm00446971_m1 Applied Biosystems 
Tmem26 Mm01173641_m1 Applied Biosystems 

Tnfrsf9/Cd137 Mm00441899_m1 Applied Biosystems 
Ucp1 Mm00494069_m1 Applied Biosystems 
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Samples were always run and referred to the housekeeping Ct values and to a standard curve 

performed with a pool of the cDNA samples of the experiment (1/10 dilution, 6 points). For 

internal controls Hypoxanthine ribosyl transferase (Hprt), actin (β-act) and TATA-box protein 

(Tbp) were used. Probes used for gene expression analysis are shown in Table 4. 

8. Protein analysis 

8.1 Protein extraction and quantification 

To analyse gene expression frozen tissues were pulverized under liquid nitrogen and 50mg 

portions were transferred to centrifuge tubes. For protein extraction samples were 

homogenized in 400-500μl of lysis buffer (Radioimmunoprecipitation assay buffer (RIPA 

buffer (Sigma)) with 1X protease (Sigma) and 1X phosphatase inhibitors (PhosphoSTOP; 

Roche) using a high-speed tissue homogenizer (Ika Ultra Turrax T8.10). Tissue lysates were kept 

on ice for 15’ and then centrifuged at 12000g for 15’ at 4ᵒC. Supernatants were collected and 

subjected for quantification using the BCA protein assay kit (Pierce), following the instructions 

of the manufacturer. WATs were diluted 1:5, while the rest of tissues 1:10 in lysis buffer. Then 

protein samples were diluted in sample buffer 4X (For a final volume of 50ml: 200mM Tris 1M 

pH6,8 (12,5ml), 8% SDS (4g), (0,02%) bromophenol-blue (10mg), 40% Glycerol (20ml), 20% β-

mercaptoethanol (6ml), ddH2O up to 50ml, adjust pH=6,8) in a proportion 3volumes of protein: 

1volume of sample buffer. Samples were heated for 5’ at 95ᵒC, spun down and stored at -20ᵒC. 

8.2 Electrophoresis and immunoblotting 

Protein samples were resolved on commercial 4-12% sodium dodecyl sulphate polyacrylamide 

gels (SDS-PAGE) (Biorad) and separated by molecular weight using electrophoresis. Samples 

were run for 2h at 150V in 1X running buffer (XT MES, Biorad) and then transferred onto 

polyvinylidene difluoride (PVDF) membranes (Biorad). Protein transference was performed at 

4ᵒC for 2h at 400mA in 1X transfer buffer (25mM Tris, 192mM glycine and 20% methanol). Then 

nonspecific protein binding sites were blocked in 5% bovine serum albumin (BSA) in containing 

in 1X TBS (For 500mL of TBS 10x: 6g Tris, 43,85 g NaCl, pH7,5) containing 0,01% Tween (referred 

as TBS-T) for 1h at RT. Next membranes were incubated with primary antibodies (Table 5) 

(prepared in solution: 5% BSA, 0,05% NaAz in TBS-T) overnight at 4ᵒC, except actin and tubulin 

that were incubated for 1h at RT. Then membranes were washed 3 times for 10’ each in TBS-T 

incubated for 1h at RT with the appropriate horseradish peroxidase-conjugated secondary 

antibody (Table 5). Subsequently, membranes were washed 3 times for 10’ each in TBS-T and 
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developed by using SuperSignalTM West Femto Maximum Sensitivity substrate (Thermo 

Scientific). Chemiluminescence was detected by ImageQuant LAS4000. Band quantification 

intensities by densitometry was carried out using ImageJ software. Band intensity of the target 

proteins were normalized by the intensity of loading controls. 

Antibody MW (kDa) Host Dilution Company Catalogue 

UCP 1 32 Rabbit 1:1000 Abcam ab10983 
β-actin 42 Rabbit 1:1000 Sigma A-2066 

Total HSL 81,83 Rabbit 1:1000 Cell Signaling 4107 
HSL-p660 81,83 Rabbit 1:1000 Cell Signaling 4126 
HSL-p563 81,83 Rabbit 1:1000 Cell Signaling 4139 
Tubulin 50 Mouse 1:1000 Sigma T-6064 

Anti-Rabbit HRP - Donkey 1:5000 GE Healthcare UK Limited NA934 
Anti-Mouse HRP - Sheep 1:5000 GE Healthcare UK Limited NA931 

 

Table 5: Primary and secondary antibodies used for immunoblotting 

9. Biochemical measurements 

9.1 Liver and faeces triglycerides 

Frozen liver and faeces samples were pulverized under liquid nitrogen, and 100mg portions were 

digested in 3M KOH (65% ethanol) during 1h at 70ᵒC followed by overnight incubation at RT. 

Once all TG were extracted, samples were diluted to a final concentration of 100mg tissue in 

500µL Tris–HCl 50mM and measured according to TG-LQ Kit’s instructions (Spinreact). 

9.2 Nitric Oxide and Hydrogen Peroxide measurements  

NO and Hydrogen Peroxide ex-vivo amperometric measurements were performed in the 

laboratory of Claude Knauf at the Digestive Health Research Institute (Toulouse, France). Briefly, 

after dissection, tissues were washed in Krebs-Ringer bicarbonate/glucose buffer (pH 7,4) in an 

atmosphere of 95% O2–5% CO2 and then immersed in tubes containing the same medium. 

Spontaneous NO or H2O2 release was measured at 37ᵒC for 10’ by using either a NO-specific 

(ISO-NOPF, World Precision Instruments) or an H2O2-specific (ISO-HPO, World Precision 

Instruments) amperometric probe implanted. The concentration of NO or H2O2 gas in solution 

was measured in real-time (TBR1025, World Precision Instruments). DataTrax2 software (World 

Precision Instruments) performed data acquisition. Data are expressed as delta variation of NO 

or H2O2 release from basal (Laurens et al., 2019). 
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1. Mfn1iΔEC mouse model validation 

1.1 Mfn1 gene recombination 

Two weeks after tamoxifen injection, Mfn1 recombination event was assessed by PCR. Specific 

primers were designed in order to amplify the DNA region of interest. As a result, an excision 

band of 325bp was amplified when proper gene recombination was achieved (Figure 13). Mfn1 

recombination was observed in all tissues tested, except in retina and pituitary. The unexcised 

band of 793bp was amplified and used as a reaction control of the PCR. 

 

1.2 Mfn1iΔEC mice do not show vascular network alterations 

To assess the impact of endothelial Mfn1 deletion in adult mice on the vascular network, we 

assessed the expression of vascular markers Kdr (Vascular endothelial growth receptor 2) and 

Cdh5 (Vascular endothelial cadherin) in key metabolic tissues such as liver, muscle, epididymal 

WAT (eWAT), sWAT and iBAT (Figure 14 a and b). No differences were found in the expression 

Control

Mfn1iΔEC

Lu   Ret   eW  sW    iB   Hyp   Pit   Ctx   Liv   Pan  Gut  Gas   S     He    Kid     A      F      T

Excision 325 bp

Unexcised conditional
793 bp

Unexcised conditional
793 bp

Figure 13: Mfn1 is recombined in ECs after tamoxifen administration 

Assessment of Mfn1 recombination event by conventional PCR in the indicated tissues (Lu: Lung; Ret: Retina; eW: 
epididymal fat; sW: posterior subcutaneous fat; iB: interscapular brown adipose tissue; Hyp: Hypothalamus; Pit: 
Pituitary; Ctx: Cortex; Liv: Liver; Pan: Pancreas; Gut; Gas: Gastrocnemius; S: Spleen; He: Heart; Kid: Kidney; A: Aorta; 
F: Femur; T: Tail). All studies were conducted in samples from control and Mfn1i∆EC mice between 10-13 weeks of age. 
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Figure 14: Equivalent ECs marker expression in control and mutant mice 

a) Kdr and b) Cdh5 (vascular markers) mRNA expression was assessed by qPCR in liver, muscle, eWAT, sWAT and 
iBAT (n=6-8/genotype). β-actin was used as housekeeping gene. All studies were conducted in samples from 
control and Mfn1i∆EC mice at 35 weeks of age. Statistical analysis was performed by unpaired Student’s t-test. 
Data are expressed as mean ± SEM. 
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of these vascular markers in none of the analysed tissues. These results suggest that endothelial 

Mfn1 deletion does not cause any significant alteration affecting the ECs population. 

2. Phenotypical characterization of Mfn1iΔEC mice 

2.1 Mfn1iΔEC mice do not exhibit systemic metabolism alterations 

under standard diet conditions 

Daily tamoxifen injections were performed at 8 weeks of age, for five consecutive days, to both 

control and Mfn1iΔEC mice. Subsequently, body weight was weekly monitored. Body weight 

curves of both groups were overlapping (Figure 15 a). To assess if Mfn1 in ECs was modulating 

systemic glucose metabolism, GTT and ITT were performed. 16-week-old mutant mice showed 

unaltered insulin sensitivity (Figure 15 b) and no differences in glucose tolerance (Figure 15 c) 

when compared to their control counterparts. These results indicate that endothelial Mfn1 loss 

does not alter systemic metabolism of mice under STD conditions. 

 

2.2 Diet-induced obesity in Mfn1iΔEC mice does not modify 

systemic glucose metabolism 

Given that no changes in systemic metabolism were observed upon Mfn1 deletion in ECs when 

fed with a STD, we wondered if endothelial Mfn1 loss could play a role in the development of 

obesity. To this end, we administered a fat-rich diet (HFD; 45% Kcal derived from lipids) starting 

at 11 weeks of age for 24 consecutive weeks. As expected, HFD feeding caused overweight in 

both control and Mfn1iΔEC groups but to a similar extent (Figure 16 a). Glucose homeostasis was 

assessed by ITT and GTT after HFD administration. No significant differences in insulin sensitivity 

Figure 15: Endothelial Mfn1 ablation does not modify body weight or systemic glucose homeostasis 

a) Body weight profile on STD (n=13-15/genotype). b) ITT (0,2UI/Kg) (n=9-11/genotype). c) GTT (n=10-16/genotype). 
All studies were conducted in control and Mfn1i∆EC mice at 16 weeks of age. Statistical analysis was performed by two-
way ANOVA test. Data are expressed as mean ± SEM. 
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or glucose tolerance was observed in Mfn1iΔEC mice when compared to their control 

counterparts (Figure 16 b and c). 

 

Given that no systemic metabolic alterations were observed upon Mfn1 deletion in ECs, we next 

decided to evaluate if endothelial Mfn2 is implicated the systemic regulation of energy balance 

and metabolism. 
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Figure 16: Unaltered body weight and glucose metabolism in Mfn1iΔEC mice upon HFD administration 

a) Body weight profile on HFD (n=6-8/genotype). b) ITT (0,4UI/Kg) (n=6-7/genotype). c) GTT (n=6-7/genotype). All 
studies were conducted in control and Mfn1i∆EC mice at 35 weeks of age. Statistical analysis was performed by two-
way ANOVA test. Data are expressed as mean ± SEM. 
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1. Mfn2iΔEC mouse model validation 

1.1 Mfn2 gene recombination and deletion 

Two weeks after tamoxifen injection, Mfn2 recombination event was assessed by PCR. Specific 

primers were designed in order to amplify the DNA region of interest. As a result, an excision 

band of 240bp was amplified when proper gene recombination was achieved (Figure 17 a). An 

internal control (IL-2 gene) was amplified as a reaction control of the PCR. Mfn2 recombination 

was observed in all tissues tested, except in retina and pituitary. To further verify that Mfn2 was 

deleted in vessels in vivo, total lung qPCR analysis from 16-week-old mice was performed. Of 

note, ECs make up around 20% of the total adult mouse lung cells (Singer et al., 2016). We 

observed a decrease in Mfn2 mRNA, but not in other mitochondrial fusion proteins such as Opa1 

or Mfn1 (Figure 17 b). 

 

1.2 No histopathological alterations upon Mfn2 loss in ECs 

Abnormal blood vessel structure and function compromise health. Given the ubiquitous nature 

of ECs, we analysed whether endothelial Mfn2 deletion secondarily affected residing organs. A 

complete histopathological analysis was performed by the Veterinarian Faculty of the 
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Figure 17: Mfn2 gene is recombined in ECs after tamoxifen administration 

a) Assessment of Mfn2 deletion event by conventional PCR in the indicated tissues (Lu: Lung; Ret: Retina; eW: 
epididymal fat; sW: posterior subcutaneous fat; iB: interscapular brown adipose tissue; Hyp: Hypothalamus; Pit: 
Pituitary; Ctx: Cortex; Liv: Liver; Pan: Pancreas; Gut; Gas: Gastrocnemius; S: Spleen; He: Heart; Kid: Kidney; A: Aorta; 
F: Femur; T: Tail). b) Expression analysis of mitochondrial fusion genes in the lung (n=6-7/genotype). β-actin was 
used to adjust for total RNA content. All studies were conducted in samples from control and Mfn2i∆EC mice 
between 10-16 weeks of age. Statistical analysis was performed by unpaired Student’s t-test. Data are expressed 
as mean ± SEM. **P<0.01. 
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Autonomous University of Barcelona. Mice were sacrificed at 16 weeks of age and tissues were 

subjected to Haematoxylin and Eosin (H&E) staining. Microscopically observation of the samples 

revealed no relevant anatomicopathological alterations in terms of vessel and organ structure 

(Table 6). 

Organ 
Control 

#1 
Control 

#2 
Mfn2iΔEC 

#1 
Mfn2iΔEC 

#2 
Mfn2iΔEC 

#3 

Stomach √ √ √ √ √ 
Duodenum √ √ √ √ √ 
Jejunum √ √ √ √ √ 
Ilion √ √ √ √ √ 
Colon √ √ √ √ √ 
Pancreas √ √ √ √ √ 
Liver * √ √ √ √ 
Gallbladder √ √ √ √ √ 
Kidney √ √ √ √ √ 
Adrenal gland √ √ √ √ √ 
Spleen √ √ √ √ √ 
Mesenteric lymphatic node √ √ √ √ √ 
Peyer's patches √ √ √ √ √ 
Lumbar lymphatic node √ √ √ √ √ 
Thymus √ √ √ √ √ 
Mandibular lymphatic node √ √ √ √ √ 
Salivary glands √ √ √ √ √ 
Lungs √ √ √ √ √ 
Trachea √ √ √ ND √ 
Thyroid ND √ √ √ √ 
Oesophagus √ √ √ √ √ 
Cava vein / Aorta √ ND ND ND √ 
Heart / Mediastinum √ √ √ ND √ 
Breastbone / Bone narrow √ √ √ √ √ 
Soleus muscle √ √ √ √ √ 
Skin √ √ √ √ √ 
Testicle √ √ √ √ √ 
Encephalon √ √ √ √ √ 
White adipose tissue √ √ √ √ √ 
Brown adipose tissue √ √ √ ** √ 

   
 

  
Table 6: No histopathological alterations upon Mfn2 loss in ECs 

Evaluation of the specified tissues of control and Mfn2i∆EC mice at 16 weeks of age (n=2-3/genotype). (√) No 
pathological evidences. (*) Two small inflammatory clusters (<100μm) in the parenchyma, without pathological 
relevance. (**) Few microgranulomas without pathological relevance. ND: not determined (technical problems, little 
sample). 
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1.3 Mfn2iΔEC mice do not show alterations in the vascular network 

To evaluate the impact of endothelial Mfn2 deletion in adult mice on the vascular network, the 

expression of vascular markers (Kdr and Cdh5) was assessed in key metabolic tissues such as 

liver, muscle, eWAT, sWAT and iBAT. No differences were found in these vascular markers in 

none of the tissues analysed (Figure 18 a and b). Besides, CD31 immunofluorescence staining 

was performed in liver and muscle. For whole mount immunofluorescence performed in the 

different adipose depots, IB4 a membrane marker of endothelial vasculature was used. Analysis 

of CD31 or IB4 showed no differences in the vascular positive area of Mfn2i∆EC compared to 

Figure 18: Equivalent vascular area and ECs marker expression in control and mutant mice 

a) Kdr and b) Cdh5 (vascular markers) mRNA expression was assessed by qPCR in liver, muscle, eWAT, sWAT and iBAT 
(n=5-8/genotype). β-actin was used as housekeeping gene. c) Representative images of IB4 or CD31 
immunofluorescence and its quantification in the specified tissues (n=3-4/genotype). Scale bar 50μm. All studies were 
conducted in samples from control and Mfn2i∆EC mice between 16-20 weeks of age. Statistical analysis was performed 
by unpaired Student’s t-test. Data are expressed as mean ± SEM. 
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control mice in all of the analysed tissues (Figure 18 c). Collectively, these results indicate that 

endothelial Mfn2 deletion does not alter vascular density. 

1.4 Blood vessels are functional in Mfn2iΔEC mice 

The wall of the blood vessels is lined up by tightly attached ECs forming a selective barrier that 

regulate the transport of substances into and out of the bloodstream. Next, we assessed if Mfn2 

deletion in ECs was affecting the function of this monolayer by measuring BP and vessel 

permeability. Tail BP was measured in 10-week-old mice. No differences were observed neither 

in diastolic/systolic pressure nor in heart rate between control and Mfn2iΔEC mice (Figure 19 a 

and b). 

Besides, the fluorescent dye EB was injected in 13-week-old mice. Given that EB has a high 

affinity for serum albumin, this technique has been widely used to assess vessel permeability 

(Radu and Chernoff, 2013). No differences were observed in EB content extracted from several 

tissues of Mfn2iΔEC mice when compared to their control counterparts (Figure 19 c). Importantly, 

given that equivalent vascular area was measured in control and Mfn2iΔEC mice the results 

obtained reflect the leakage of EB into the residing organs. 

 

Figure 19: Mfn2 loss in ECs does not alter vascular function and permeability 

a) Systolic and diastolic BP (n=6-7/genotype). b) Heart rate (n=6-7/genotype). c) EB content on the specified tissues 
(n=5-8/genotype). Relative EB content normalized to control. All studies were conducted in control and Mfn2iΔEC mice 
between 10-13 weeks of age. Statistical analysis was performed by unpaired Student’s t-test. Data are expressed as 
mean ± SEM. 
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2. Metabolic phenotypical characterization of Mfn2iΔEC 
mice 

2.1 Mfn2iΔEC mice show body weight reduction 

Body weight from control and Mfn2iΔEC mice littermates was weekly monitored since weaning 

onwards. Tamoxifen injections were performed at 8 weeks of age, for five consecutive days, 

when body weights were equivalent between experimental groups. However, three weeks after 

tamoxifen-induced recombination (around 11 weeks of age) Mfn2i∆EC mice exhibited a 

progressive reduction of body weight reaching ~20% loss at 30 weeks of age (Figure 20). 

 

Body composition analysis showed an equivalent percentage of lean mass (Figure 21 a) but a 

significant reduction in total fat mass (Figure 21 b). To further assess the fat mass loss, 

representative AT depots were collected and weighted. Consistently, posterior sWAT and eWAT 

showed a significant reduction. No changes were observed in iBAT mass (Figure 21 c). Together, 

these results indicate that body weight loss in Mfn2i∆EC mice is the consequence of reduced 

adiposity. 
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Figure 20: Mfn2 ablation in ECs resulted in reduced body weight. 

Body weight profile of control and Mfn2i∆EC mice fed with STD (n=7-8/genotype). Statistical analysis was performed 
by two-way ANOVA test. Data are expressed as mean ± SEM. **P<0.01. 
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Figure 21: Reduced adiposity in Mfn2iΔEC mice 

a) Total lean mass. b) Total fat mass. c) Discrete AT depots weight corrected by body weight. All studies were 
conducted in control and Mfn2i∆EC mice between 13-15 weeks of age (n=7-9/genotype). Statistical analysis was 
performed by unpaired Student’s t-test. Data are expressed as mean ± SEM. *P<0.05. 
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2.2 Improved glucose metabolism as a consequence of body 

weight reduction 

Glucose tolerance and insulin sensitivity were assessed in body weight-matched mice at 10 

weeks of age. No differences were observed in either of the tests (Figure 22 a and b). However, 

at 16 weeks of age, when body weight differences were apparent, Mfn2iΔEC mice showed 

increased insulin sensitivity and improved glucose tolerance (Figure 22 c and d). GSIS test was 

equivalent in control and mutant mice, indicating unaltered insulin release in response to 

glucose (Figure 22 e). These results suggest that the improvements shown in glucose 

homeostasis are the consequence of reduced adiposity. 

 

2.3 Mfn2iΔEC female mice show reduced body weight 

Next, we wondered whether this lean phenotype also occurs in females. Body weight from 

control and Mfn2iΔEC female mice littermates were weekly monitored since weaning onwards. 

Tamoxifen injections were performed at 8 weeks of age, as described previously. A significant 

reduction in body weight was observed in the Mfn2iΔEC group, four weeks after tamoxifen 

administration (Figure 23 a). Afterwards, Mfn2iΔEC female mice were able to maintain a lighter 

body weight during the time recorded. Consistently, decreased adiposity was observed in the 

Figure 22: Glucose homeostasis in vivo in control and Mfn2iΔEC littermates 

a) ITT (0,2UI/Kg) and b) GTT performed in body weight-matched mice at 10 weeks of age. c) ITT (0,2UI/Kg), d) GTT 
and e) GSIS test performed in significantly different body weight mice at 16 weeks of age (n=5-9/genotype). Statistical 
analysis was performed by two-way ANOVA test. Data are expressed as mean ± SEM. **P<0.01; ***P<0.001. 
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Mfn2iΔEC group (Figure 23 b). Given the similarity between male and female phenotypes, we 

undertook subsequent studies only in male mice. 

 

2.4 Mfn2iΔEC mice do not show altered food intake patterns or gut 

malabsorption 

Given the obvious reduction of body weight in mutant mice, we next assessed if food intake 

patterns or nutrient absorption by the gut were altered. Food intake during body weight loss 
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Figure 23: Mfn2iΔEC female mice show reduced body weight and adiposity 

a) Body weight profile (n=6-7/genotype). b) Discrete AT depots (gonadal WAT; gWAT) weight corrected by body 
weight in control and Mfn2i∆EC female mice at 75 weeks of age (n=5-6/genotype). Statistical analysis was performed 
by two-way ANOVA test (a) and unpaired Student’s t-test (b). Data are expressed as mean ± SEM. *P<0.05; **P<0.01. 

Figure 24: Food intake and nutrient absorption analysis in control and Mfn2iΔEC mice 

a) Food intake per mouse during the body weight reduction phase (11 to 14 weeks of age) and at 20 weeks of age 
from control and Mfn2iΔEC mice (n=6-9/genotype). b) Faeces weight c) total gross energy, d) nitrogen and e) TG 
content per mouse, measured in faeces from control and Mfn2iΔEC mice (n=6-9/genotype) collected over four 
consecutive days at 20 weeks of age. Statistical analysis was performed by unpaired Student’s t-test. Data are 
expressed as mean ± SEM. 
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(11-14 weeks of age) and stabilization (20 weeks of age), revealed no differences between 

groups (Figure 24 a). Besides, no differences were observed in faeces weight, faeces residual 

caloric content (measured by bomb calorimetry) and faeces nitrogen/triglyceride content 

between control and Mfn2iΔEC littermates at 20 weeks of age (Figure 24 b-e). These results 

indicate that reduced body weight is not the consequence of diminished food intake or 

inadequate nutrient absorption by the intestine in Mfn2i∆EC mice. 

2.5 Increased energy expenditure causes body weight reduction 

in Mfn2iΔEC mice 

To further investigate why Mfn2iΔEC mice are leaner, we subjected them to calorimetry 

chambers. Indirect calorimetry studies showed enhanced EE in mutant mice during the light 

phase (Figure 25 a). EE is the sum of three components: basal metabolic rate (BMR), 

thermogenesis and physical activity (Speakman, 2013). To exclude components from this 

equation, LA (Figure 25 b) was simultaneously recorded. No changes were observed in this 

parameter. 

 

We next assessed the thermogenic capacity of control and Mfn2iΔEC mice. First, we indirectly 

measured potential thermogenesis changes by the analysis of expression of several well-known 

markers of thermogenesis in iBAT including UCP1 protein levels. No significant changes were 

observed in the expression of these thermogenic markers (Figure 26 a and b). To measure 

thermogenesis in a more direct manner, we used infrared thermography. This strategy revealed 

no differences in iBAT temperature between control and Mfn2iΔEC mice (Figure 26 c). Given that 

Day Night
10

12

14

16

18

EE
 (k

ca
l/k

g/
h)

�

�
�  

0

10000

20000

30000

40000

LA
 (B

ea
m

 b
re

ak
s)

Day
Night

ba 

Figure 25: Mfn2iΔEC mice show increased EE in the absence of changes in locomotor activity 

a) EE corrected by lean mass. b) Locomotor activity (LA) measured by beam breaks. All studies were conducted in 
control and Mfn2i∆EC mice at 13 weeks of age (n=7-9/genotype). Statistical analysis was performed by one-way ANOVA 
test; corrected by two-stage step-up method of Benjamini, Krieger and Yekutieli. Data are expressed as mean ± SEM. 
*P<0.05; **P<0.01. 
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browning of WAT may contribute to whole-body EE, we next evaluated the expression of 

thermogenic genes and markers of brown adipocyte precursors in sWAT. No differences in the 

expression of these molecular markers were observed (Figure 26 d and e). Collectively, these 

data indicate that Mfn2 depletion does neither result in enhanced BAT activity nor WAT 

browning suggesting an augmented BMR in Mfn2iΔEC mice as the likely cause of increased EE. 
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Figure 26: Mfn2iΔEC mice do not exhibit enhanced thermogenesis 

a) Gene expression of the thermogenic markers assessed by qPCR in iBAT (n=6-7/genotype). Tbp was used to adjust 
for total RNA content. mRNA levels were normalized to control. b) Immunoblot analysis and quantification of Ucp1 
expression in iBAT (n=4/genotype). β-Actin was used to adjust for total protein content. Protein content is expressed 
relative to controls. c) Representative thermic images of the interscapular area and quantification (n=6-7/genotype). 
d) Thermogenic and e) beige adipocyte marker expression analysis in sWAT (n=6-7/genotype). Tbp was used to adjust 
for total RNA content. mRNA levels were normalized to controls. All studies were conducted in control and Mfn2i∆EC 
mice at 15 weeks of age. Statistical analysis was performed by unpaired Student’s t-test. Data are expressed as mean 
± SEM. 
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2.6 Mfn2iΔEC mice show increased lipolytic capacity 

Next, we wondered if reduced adiposity in Mfn2iΔEC mice could be explained, at least in part, by 

uneven metabolic substrate utilization by tissues. RQ showed a normal fluctuation between the 

light and dark phase in control mice, characterized by predominant lipid oxidation during the 

resting (light) phase and increased carbohydrate utilization in the active (dark) phase. Notably, 

this switch is significantly attenuated in the Mfn2iΔEC group, displaying a tendency to 

preferentially oxidise lipids during both phases. Quantitative analysis of the RQ values showed 

a significant decrease in the mutant group during the dark phase (Figure 27). This suggests a 

sustained lipid oxidation rate in of Mfn2iΔEC mice when compared to control counterparts. 

 

To further investigate the increased lipolytic capacity of Mfn2iΔEC mice, we initially collected 

adipose depots and plasma from 15-week-old animals under ad libitum fed or overnight-16h 

fasting conditions. As expected, a significant decrease in adiposity was observed upon fasting in 

the control group. Reduced adiposity levels in Mfn2iΔEC group were not further modified upon 

fasting (Figure 28 a). Interestingly, fasting-induced lipolysis was exacerbated in the Mfn2iΔEC 

group as reflected by increased plasma FFA levels (Figure 28 b). 

Hormone-sensitive lipase (HSL) is a key enzyme of the lipolytic pathway. HSL activation is mainly 

driven by phosphorylation at Ser660 and Ser563. To molecularly verify whether lipolysis was 

perturbed in our model, whole eWAT depots from both groups under ad libitum and overnight 

fasting conditions were subjected to immunoblotting. Increased protein levels of the active HSL 

forms were observed after fasting in a similar magnitude in each group (Figure 28 c and d). 

However, HSL was aberrantly activated in Mfn2iΔEC mice during fed conditions when compared 
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Figure 27: Mfn2iΔEC mice show enhanced lipid oxidation 

RQ measured in control and Mfn2iΔEC mice at 15 weeks of age (n=7-9/genotype). Statistical analysis was performed 
by one-way ANOVA test; corrected by two-stage step-up method of Benjamini, Krieger and Yekutieli. Data are 
expressed as mean ± SEM. *P<0.05. 
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to the control group (Figure 28 c and e). These results suggest that despite the fasting-induced 

lipolysis molecular response is occurring in both groups to a similar extent, ad libitum fed 

Mfn2iΔEC mice show a sustained activation of the lipolytic pathway likely leading to decreased 

adiposity and resulting in body weight reduction. 

 

2.7 Mfn2 loss in ECs results in less and enlarged mitochondria 

To further uncover the molecular mechanisms underlying the metabolic phenotype upon Mfn2 

deletion in ECs, we next assessed mitochondria structural parameters. We specifically focused 
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Figure 28: Mfn2iΔEC mice show increased lipolysis in fed conditions 

a) Adiposity calculated by the combined sum of sWAT and eWAT depots weight normalized by body weight (n=4-
5/genotype/nutritional status). b) Plasma FFA levels (n=6-8/genotype/nutritional status). c) Immunoblot analysis of 
eWAT using the indicated antibodies. d-e) Densitometric quantification of HSL phosphorylation levels at Ser660 and 
Ser563 (n=4-5/genotype/nutritional status). All studies were conducted in control and Mfn2i∆EC mice at 15 weeks of 
age under ad libitum (fed group) or upon overnight fasting (fast group). Statistical analysis was performed by one-
way ANOVA test; corrected by two-stage step-up method of Benjamini, Krieger and Yekutieli (a, b and d) and by 
unpaired Student’s t-test (e). Data are expressed as mean ± SEM. *P<0.05; **P<0.01; ***P<0.001. 
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on WAT as reduced adiposity is a consistent attribute of our mouse model. To this aim, a double 

immunofluorescence for IB4 (vascular maker) and Tom20 (mitochondrial marker) was 

performed in whole-mount sWAT (Figure 29 a). Quantification of confocal microscopy images, 

revealed decreased number of mitochondria in mutant mice (Figure 29 b) although the total 

area covered by mitochondria in vessels was equivalent (Figure 29 c). Consistently, mitochondria 

perimeter (Figure 29 d) and area (Figure 29 e) was increased in the vasculature of Mfn2iΔEC mice. 

No differences in aspect ratio (AR) (Figure 29 f) or form factor (FF) were observed (Figure 29 g). 

These results suggest a differential mitochondrial conformation in ECs upon Mfn2 deletion. 

 

2.8 Endothelial Mfn2 deletion increases NO and reduce ROS 

levels in white adipose tissue 

Genetic deletion of Mfn2 is associated with excessive ROS production and oxidative stress (Jiang 

et al., 2018; Schneeberger et al., 2013; Sebastián et al., 2012). Therefore, we conducted 

amperometric measures of ROS and NO production in ex vivo tissues from control and Mfn2iΔEC 

mice. We found a significant decrease in hydroxide peroxide (H2O2) levels in key metabolic 
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Figure 29: Reduced density and enlarged mitochondria in ECs of sWAT from mutant mice 

a) Representative confocal microscopy images of double IB4 and Tom20 immunofluorescence in sWAT. b) Number of 
mitochondria normalized by the IB4 positive area. c) IB4 positive area covered by mitochondria. d) Perimeter and e) 
area of each mitochondrion. f) AR. g) FF. All studies were conducted in control and Mfn2i∆EC mice at 20 weeks of age 
upon overnight fasting (n=1405-1789 mitochondria in 6274-6590 μm2 IB4 area/3 mice/genotype). Scale bar 50μm. 
Statistical analysis was performed by unpaired Student’s t-test. Data are expressed as mean ± SEM. *P<0.05; 
***P<0.001. 
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tissues such as the hypothalamus (Hyp), liver, eWAT, and iBAT (Figure 30 a-d). Notably, we also 

observed a significant increase in NO levels but exclusively in sWAT (Figure 30 e). 

 

3. Mfn2iΔEC mice are resistant to obesogenic diets 

Mfn2iΔEC mice showed reduced adiposity that was accompanied by body weight decrease and 

improved glucose homeostasis. This phenotype could represent an advantage in the context of 

metabolically-related pathologies, such as obesity and T2D. In order to mimic these pathological 

conditions, we assessed the impact of HFD exposure on Mfn2iΔEC mice using two independent 

but complementary approaches. First, we evaluated the potential beneficial effects of 

endothelial Mfn2 deletion upon the development of obesity (preventive study). To this aim, 

Mfn2 deletion was induced before HFD exposure. In a second approach, we wanted to assess 

the impact of endothelial Mfn2 deletion in counterbalancing established obesity (curative 

study). In this case, tamoxifen-mediated Mfn2 deletion in ECs was induced in obese animals. 
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Figure 30: H2O2 and NO release in tissues from Mfn2iΔEC mice 

Nitric oxide (NO) and hydroxide peroxide (H2O2) release in a) hypothalamus (Hyp), b) liver, c) eWAT, d) iBAT and e) 
sWAT ex vivo explants. All studies were conducted in control and Mfn2i∆EC mice at 13 weeks of age (n=4-7/genotype). 
Statistical analysis was performed by unpaired Student’s t-test. Data are expressed as mean ± SEM. *P<0.05; 
**P<0.01. 
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3.1 Mice lacking Mfn2 in ECs are resistant to diet-induced obesity 

Mice were maintained under STD conditions since weaning. At 8 weeks of age, Mfn2 deletion 

was induced by tamoxifen injection using our regular protocol. Two weeks after the last 

tamoxifen injection, mice were switch to HFD for 19 consecutive weeks. At 25 weeks of age, 

glucose metabolism was assessed, and tissues were collected at the end of the experiment 

(Figure 31). Parallel cohorts of control and mutant mice on STD and HFD were monitored. 

 

Body weight gain upon HFD administration was highly effective in the control group. Indeed, 

around 20% difference in body weight increase was recorded between HFD and STD control 

groups. Remarkably, Mfn2iΔEC mice fed with either STD or HFD exhibited the same absolute body 

weight values, indicating complete resistance of Mfn2iΔEC mice to develop diet-induced obesity 

(Figure 32 a and b). These results demonstrate that endothelial deletion of Mfn2 protects against 

obesity in a preventive manner. 

 

HFD-fed Mfn2iΔEC mice show similar adiposity to STD-fed mice 

Consistent with body weight gain resistance, tissue collection at the end of the treatment 

showed a reduction in adiposity in HFD fed Mfn2iΔEC mice (Figure 33 a and b), when compared 
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Figure 31: Experimental design for the preventive strategy 

Mfn2 deletion was induced at 8 weeks of age. Three weeks later mice were exposed to 45% fat enriched diet for 19 
weeks. Glucose metabolism was assessed five weeks before the end of the experiment. 
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Figure 32: Mfn2i∆EC mice show resistance to HFD-induced obesity in a preventive manner 

a) Weekly and b) final body weight of control and Mfn2i∆EC mice fed with STD or HFD for 19 weeks (n=6-
8/genotype/diet). Statistical analysis was performed by one-way ANOVA test; corrected by two-stage step-up method 
of Benjamini, Krieger and Yekutieli. Data are expressed as mean ± SEM. ***P<0.001. 
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with STD fed Mfn2iΔEC group. Notably, liver TG content in HFD-fed Mfn2iΔEC mice showed similar 

values to STD-fed groups suggesting no accumulation of ectopic fat (Figure 33 c). 

 

Improved metabolism in HFD-fed Mfn2iΔEC mice 

Next, we examined glucose metabolism in control and Mfn2iΔEC mice under these experimental 

conditions. In line with diet-induced obesity resistance, similar results regarding diverse 

metabolic parameters were found in both Mfn2iΔEC groups irrespective of the diet. As expected, 
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Figure 33: Reduced adiposity in Mfn2iΔEC mice when fed with HFD 

a) eWAT and b) sWAT depots weight normalized by body weight. c) TG content in liver. All studies were conducted in 
control and Mfn2i∆EC mice fed with STD or HFD at 30 weeks of age (n=5-7/genotype). Statistical analysis was performed 
by one-way ANOVA test; corrected by two-stage step-up method of Benjamini, Krieger and Yekutieli. Data are 
expressed as mean ± SEM. *P<0.05; **P<0.01; ***P<0.001. 

Figure 34: Improved glucose homeostasis in HFD-fed Mfn2iΔEC mice 

a) Overnight fasting glucose levels. b) HOMA-IR values. b) ITT (0,3UI/Kg) and related area under the curve (AUC). d) 
GTT and related AUC. e) GSIS and related AUC. All studies were conducted in control and Mfn2i∆EC mice fed with STD 
or HFD at 25 weeks of age (n=6-8/genotype). Statistical analysis was performed by one-way ANOVA test; corrected 
by two-stage step-up method of Benjamini, Krieger and Yekutieli. Data are expressed as mean ± SEM. **P<0.01; 
***P<0.001. 

B
lo

od
 g

lu
co

se
 (m

g/
dl

)

0

50

100

STD HFD

������

0

50

100

150

Time (min)

B
lo

od
 g

lu
co

se
 (%

)

0 15 30 60 120

A
U

C
 (a

.u
.)

0

5×103

1×104

1.5×104

2×104

STD HFD

��

�� ���

0

200

400

600

Time (min)

B
lo

od
 g

lu
co

se
 (m

g/
dl

)

0 15 30 60 120

A
U

C
 (a

.u
.)

0

1×104

2×104

3×104

4×104

5×104

STD HFD

��

���

0.0

0.5

1.0

1.5

2.0

Time (min)

Pl
as

m
a 

in
su

lin
 (n

g/
m

l)

0 202 5

A
U

C
 (a

.u
.)

0

5

10

15

20

25

STD HFD

�� ���

H
O

M
A

-IR

0

2

4

6

STD HFD

������

a b

d e

c



RESULTS CHAPTER II 

 86 

overnight fasting blood glucose levels were   ̴50% higher in HFD- versus STD-fed control mice. 

Remarkably, HFD-fed Mfn2iΔEC mice showed fully normalized glucose levels, similar to those 

observed in STD-fed groups (Figure 34 a). Besides, equivalent HOMA-IR was obtained between 

STD-fed groups and Mfn2iΔEC HFD-fed mice (Figure 34 b). To readily detect insulin sensitivity, we 

used an insulin dose that was ineffective in control mice (0,3UI/Kg). Under these conditions, 

increased insulin sensitivity was observed in Mfn2iΔEC HFD group in comparison with HFD-fed 

control mice (Figure 34 c). Glucose intolerance was attenuated in both Mfn2iΔEC groups (Figure 

34 d) and complete normalization of GSIS levels were found in the Mfn2iΔEC group after 14 weeks 

of HFD administration. Together, these results indicate that Mfn2iΔEC mice are resistant to the 

HFD-induced obesogenic phenotype and associated glucose metabolism derangements. 

 

3.2 Deletion of endothelial Mfn2 reverses established obesity 

Mfn2 loss in ECs counteract diet-induced body weight gain 

To assess the possible effect of endothelial Mfn2 deletion in counterbalancing established 

obesity, we administered HFD to control and Mfn2iΔEC mice littermates at 6 weeks of age. Control 

and mutant mice cohorts fed with STD were run in parallel. 

Body weight was weekly monitored during the 12 weeks of HFD administration. At this time 

point, HFD-fed animals weighed  ̴26% more than STD-fed counterparts and tamoxifen was 

injected to promote Mfn2 deletion. At 30 weeks of age, glucose metabolism was assessed, and 

tissues were collected at the end of the experiment (Figure 35). 

 

 

After tamoxifen administration, obese Mfn2iΔEC mice progressively reduced their body weight 

until reaching STD-fed control mice levels (Figure 36 a and b). 

Figure 35: Experimental design for the curative strategy 

Six-week-old mice were exposed to 45% fat-enriched diet for twelve weeks. Afterwards Mfn2 deletion was induced 
via tamoxifen injection at 18 weeks of age. Glucose metabolism was assessed five weeks before the end of the 
experiment. 
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HFD-fed Mfn2iΔEC mice show similar adiposity than STD-fed mice 

NMRI was performed in order to assess adiposity in control and Mfn2i∆EC mice fed with STD or 

HFD. This technique allowed us to measure whole intraperitoneal WAT, referred as vWAT, and 

the diverse subcutaneous depots. Reduced volume of vWAT and sWAT (Figure 37 a, b and c) was 

observed in Mfn2iΔEC mice fed with HFD in comparison with control-HFD group. In fact, AT 

reduction reached the levels of STD-fed control mice thus counterbalancing the AT expansion 

observed upon HFD administration. 
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Figure 36: Obese Mfn2iΔEC mice reduce their body weight to control STD-fed mice levels 

a) Weekly and b) final body weight of control and Mfn2i∆EC mice of 35 weeks of age fed with STD or HFD (n=7-
9/genotype/diet). Statistical analysis was performed by one-way ANOVA test; corrected by two-stage step-up method 
of Benjamini, Krieger and Yekutieli. Data are expressed as mean ± SEM. *P<0.05; **P<0.01; ***P<0.001. 

Figure 37: Obese Mfn2iΔEC mice reduce their adiposity to control STD-fed mice levels 

a) Representative images of NMRI studies in control and Mfn2i∆EC mice fed with STD or HFD (n=4/genotype/diet). 
Quantification of the b) sWAT and c) vWAT volume from images in a). Statistical analysis was performed by one-way 
ANOVA test; corrected by two-stage step-up method of Benjamini, Krieger and Yekutieli. Data are expressed as mean 
± SEM. *P<0.05; ***P<0.001. 
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Mfn2 deletion in ECs recovers obesity-related glucose metabolism 

impairment 

To further verify if Mfn2 deletion also recovers glucose metabolism impairment shown in obese 

mice, glucose homeostasis was assessed. Although overnight-fasting blood glucose levels were 

not different between the HFD-fed groups (Figure 38 a), most of the glucose homeostasis 

parameters associated with obesity were recovered after Mfn2 ablation. Indeed, insulin 

sensitivity (assessed by HOMA-IR and the ITT) (Figure 38 b and c) and glucose tolerance (Figure 

38 d) were fully recovered. Insulin secretion stimulated by glucose (Figure 38 e), was not 

improved in the Mfn2iΔEC-HFD group probably due to an expanded β-cell mass as a consequence 

of the long HFD treatment. 

 

4. Mice with endothelial Mfn2 loss in the face of ageing 

The free radical theory of ageing is based on the progressive mitochondrial dysfunction that 

occurs with ageing, which leads to increased ROS accumulation causing oxidative damage to 

numerous cellular structures (Harman, 1965). In contrast, physiological and highly controlled 

levels of ROS are required for many biological processes (Di Meo et al., 2016). Given that our 

mutant mice exhibited reduced levels of ROS across different metabolic tissues we wondered if 

this would cause a beneficial effect upon ageing. 
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Figure 38: Glucose metabolism recovery in obese mice after Mfn2 deletion 

a) Overnight fasting glucose levels. b) HOMA-IR values. b) ITT (0,3UI/Kg) and related AUC. d) GTT and related AUC. e) 
GSIS and related AUC. All studies were conducted in control and Mfn2i∆EC mice fed with STD or HFD at 45 weeks of 
age (n=5-9/genotype). Statistical analysis was performed by one-way ANOVA test; corrected by two-stage step-up 
method of Benjamini, Krieger and Yekutieli. Data are expressed as mean ± SEM. *P<0.05; **P<0.01; ***P<0.001. 
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4.1 Endothelial Mfn2 loss does not alter mice lifespan 

Lifespan was assessed in group-housed control and Mfn2i∆EC mice. To minimize stress, mice were 

monitored weekly and weighed monthly, but otherwise left undisturbed until they died 

naturally. No differences were observed in lifespan between control and Mfn2i∆EC mice (Figure 

39). 

 

4.2 Aged Mfn2iΔEC preserve young-like health parameters 

Given that loss of Mfn2 in ECs did not alter lifespan, we next focused on potential beneficial 

effects on health-span during ageing. To this aim, we generated cohorts of control and Mfn2i∆EC 

mice of 16-20 (Young-adult group) and 70-75 (Old-adult group) weeks of age fed with STD diet. 

Several tests were performed to cover a wide range of behavioural and physiological 

parameters. 

Neuro-state evaluation shows similar skills between young and old mice 

Prior to the studies, a general neurological assessment was performed to control and Mfn2i∆EC 

mice. This consists in a battery of standardized tests that evaluate several parameters of the 

mice's appearance and reflex responses. These tests were conducted to ensure normal 

sensorimotor status of the mice and their ability to perform the subsequent behavioural tests. 

No significant differences were obtained amongst the four experimental groups (Figure 40). Of 

particular interest is the visual test, as well as the negative geotaxis or the flight responses, due 

to the importance of an optimal visual capacity and correct motor performance for subsequent 

tests. 
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Figure 39: Mfn2 deletion in ECs does not alter lifespan 

Kaplan-Meier curves of control and Mfn2i∆EC mice (n=14-16/genotype). Statistical analysis was performed by Log-rank 
test. 
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Physiological parameters 

a) Body composition, glucose homeostasis and bone analysis 

Old control and Mfn2i∆EC mice show equivalent body weight and glucose homeostasis 

Body weight and composition are affected by ageing and are considered health status 

predictors. It has been reported that weight loss is strongly predictive of mortality, independent 

of disease (Newman et al., 2001). Accordingly, body weight was recorded from weaning to late 

ages (Figure 41 a). A dramatic body weight and adiposity reduction in the control group was 

observed from 50 weeks of age onwards, indicative of physiological ageing. However, Mfn2i∆EC 

mice showed body weight and adiposity stability over the course of this study (Figure 41 a, b 

and c). Of note, equivalent adiposity and body weight observed in old mice groups exclude these 

parameters as confounding factors for the subsequent behavioural tests. As a consequence of 

equivalent body weights, no differences were observed when glucose homeostasis was assessed 

by insulin and glucose tolerance tests (Figure 41 d and e). These results further support the idea 

that changes in glucose metabolism seen in mutant mice are a secondary effect of body weight 

loss and reduced adiposity as shown previously (Figure 22). 

Figure 40: Young- and old-mice do not show differences in the neuro-state tests 

Heat map of young and old control and Mfn2i∆EC mice performance on a standard neurological test (n=7-
8/age/genotype). 
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Old control and Mfn2i∆EC mice do not show differences in bone parameters 

Ageing is associated with reduced bone mineral density and its progression results in bone 

diseases such as osteoporosis. High resolution imaging of femurs was acquired to perform 

measures of the cortical and trabecular bone. No differences were observed in 

trabecular/cortical thickness or bone volume/tissue volume ratio in aged Mfn2i∆EC mice when 

compared to the control group (Figure 42 a, b and c). 
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Figure 41: Aged-control and Mfn2iΔEC mice show equivalent adiposity and glucose metabolism homeostasis 

a) Body weight profile. b) Body weight increase from 50 weeks of age to the end of the study. c) Adiposity changes 
between 30 weeks of age and the end of the experiment. Adiposity calculated by the combined sum of sWAT and 
eWAT depots weight normalized by body weight. d) ITT (0,4UI/Kg) and e) GTT performed at 65 weeks of age. All 
studies were conducted in control and Mfn2i∆EC mice (n=6-7/age/genotype). Statistical analysis was performed by 
One-way ANOVA test; corrected by two-stage step-up method of Benjamini, Krieger and Yekutieli (b and c) and by 
Two-Way ANOVA test (d and e). Data are expressed as mean ± SEM. *P<0.05; **P<0.01. 
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Figure 42: Mfn2 loss in ECs do not alter bone parameters during ageing 

a) Trabecular thickness, b) cortical thickness and c) bone volume/tissue volume measured in femurs from young and 
old control and Mfn2i∆EC mice (n=6-7/age/genotype). Statistical analysis was performed by One-Way ANOVA test; 
corrected by two-stage step-up method of Benjamini, Krieger and Yekutieli. Data are expressed as mean ± SEM. 
*P<0.05; **P<0.01; ***P<0.001. 



RESULTS CHAPTER II 

 92 

b) Mfn2i∆EC mice do not develop anaemia with age 

Blood was collected to perform a complete hemogram. Total red blood cell number (Figure 43 

a), haemoglobin concentration (Figure 43 b) and haematocrit (Figure 43 c) values showed a 

reduction with age in the control group. However, old Mfn2i∆EC mice exhibited similar values to 

their young counterparts. These results indicate that the control group is becoming anaemic (a 

marker of ageing) while Mfn2i∆EC mice not. 

 

c) Kidney function is preserved in Mfn2i∆EC mice 

Kidney function was determined by the albumin to creatinine ratio (ACR) levels in urine. Since 

creatinine, but not microalbumin, is normally excreted by urine, an increased ratio of these 

molecules is related with renal dysfunction. Age-associated increase in ACR was observed in the 

control group, but not in Mfn2i∆EC mice (Figure 44). This indicates that the age-related 

deterioration of kidney function is prevented in mouse lacking Mfn2 in ECs. 

 

Figure 43: Old Mfn2iΔEC mice do not become anaemic with age 

a) Number of red blood cells, b) haemoglobin and c) haematocrit values in blood from young and old control and 
Mfn2i∆EC mice (n=3-7/age/genotype). Statistical analysis was performed by One-Way ANOVA test; corrected by two-
stage step-up method of Benjamini, Krieger and Yekutieli. Data are expressed as mean ± SEM. **P<0.01; ***P<0.001.  

H
ae

m
og

lo
bi

n 
(g

/d
L)

Young Old

8

10

12

14

16

�
�
�

�
�
�

H
ae

m
at

oc
rit

 (%
)

Young Old
20

30

40

�
�

�
�
�

R
ed

 B
lo

od
 C

el
ls

 (1
06  c

el
ls

/µ
L)

Young Old
6

7

8

9

10
�
�

�
�

a b c

Figure 44: Improved kidney function in old Mfn2iΔEC mice 

Albumin-creatinine ratio measured in urine from young and old control and Mfn2i∆EC mice (n=6-7/age/genotype). 
Statistical analysis was performed by One-Way ANOVA test; corrected by two-stage step-up method of Benjamini, 
Krieger and Yekutieli. Data are expressed as mean ± SEM. *P<0.05. 
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Behavioural and motor indicators of health-span 

Behavioural parameters of health-span include gait/ataxia, motivated activity, cognition and 

affective function (Ackert-Bicknell et al., 2015). We conducted diverse tests to assess the 

aforementioned general parameters. 

a) Preserved locomotor activity in Mfn2i∆EC mice 

First, we assessed motor capacity, balance and fine coordination in our mouse model by 

performing an OF, balance beam and rotarod tests. 

Open field 

Mice were placed in a new arena and their motor and exploratory capacity was recorded by a 

camera. Automated tracking of mice (Figure 45 a) showed reduced LA in the old control group, 

while no differences were observed between young and old mutant groups. In the OF study, we 

analysed several parameters including total distance run (Figure 45 b), global activity of the 

mouse (Figure 45 c), mean speed (excluding resting time) (Figure 45 d) and time spent resting 

(Figure 45 e). Automatic software analysis of the OF videos revealed a decrease in performance 

by the control group as they age in all the parameters measured. Interestingly, no impairment 

Figure 45: Mfn2i∆EC mice preserved their locomotor capacity during ageing 

a) Representative images of the track trajectories performed by mice in the OF test. b) Total distance, c) global activity, 
d) mean speed excluding resting time and e) resting time from young and old control and Mfn2i∆EC mice, measured 
during the OF test (n=7-8/age/genotype). Statistical analysis was performed by One-Way ANOVA test; corrected by 
two-stage step-up method of Benjamini, Krieger and Yekutieli. Data are expressed as mean ± SEM. *P<0.05; **P<0.01; 
***P<0.001. 
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was observed between the young and old Mfn2i∆EC group (Figure 45). These results suggest that 

the locomotor capacity in Mfn2i∆EC mice is preserved along their life. 

Balance beam 

The balance beam test was performed to assess the ability of mice to maintain the equilibrium 

when crossing a narrow beam. The time needed to walk the first 30 frames was recorded. 

Mfn2i∆EC mice showed better performance at young and old ages when compared to the control 

group (Figure 46). 

 

Rotarod 

The rotarod is a commonly used test to assess motor function in mice. Mice were forced to walk 

in an accelerating rotating rod, and the latency to fall was recorded. We observed a decreased 

latency to fall in the old control group when compared to the old Mfn2i∆EC group (Figure 47). This 

suggests that Mfn2 deletion in ECs prevents the aged-associated loss of fine coordination and 

balance. 

 

Figure 46: Mfn2iΔEC mice cross faster the beam than control mice irrespective of their age 

Time spent by young and old control and Mfn2i∆EC mice to cover 30 frames of the beam (n=7-8/age/genotype). 
Statistical analysis was performed by One-Way ANOVA test; corrected by two-stage step-up method of Benjamini, 
Krieger and Yekutieli. Data are expressed as mean ± SEM. *P<0.05; **P<0.01. 
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Figure 47: The latency to fall from the rotarod is preserved in aged Mfn2iΔEC mice 

Latency to fall from the rotarod by young and old control and Mfn2i∆EC mice (n=6-7/age/genotype). Statistical analysis 
was performed by One-Way ANOVA test; corrected by two-stage step-up method of Benjamini, Krieger and Yekutieli. 
Data are expressed as mean ± SEM. *P<0.05. 
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b) Endothelial Mfn2 deletion does not alter muscular function 

Another hallmark of ageing is the muscular function. To assess this, mice were placed on a grid 

upside down and the latency to fall was recorded. A similar aged-associated decline in muscular 

function was observed between genotypes (Figure 48). This suggests that muscle function is not 

affected in Mfn2i∆EC mice, and that the locomotor improvements shown in the previous section 

could be driven by central effects.  

 

c) Memory function is preserved in Mfn2i∆EC mice 

Next we assessed age-related cognitive decline. To this aim, we performed the NORT as ageing 

is associated with memory impairment. Consistently, our results showed that control mice 

reduced their ability to remember a previously exposed object as they age. Interestingly, 

Mfn2i∆EC mice exhibited preserved NORT performance irrespective of their age (Figure 49), 

indicating improved cognitive function along Mfn2i∆EC mice life. 

Figure 48. Mfn2 loss in ECs does not alter muscular function 

Latency to fall from the grid by young and old control and Mfn2i∆EC mice (n=6-7/age/genotype). Statistical analysis 
was performed by One-Way ANOVA test; corrected by two-stage step-up method of Benjamini, Krieger and Yekutieli. 
Data are expressed as mean ± SEM. *P<0.05. 
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Figure 49: Old Mfn2iΔEC mice show better cognitive function than old control mice 

Preference index, based on the time of exploration of the new and the previously exposed object, from young and 
old control and Mfn2i∆EC mice (n=6-8/age/genotype). Statistical analysis was performed by One-Way ANOVA test; 
corrected by two-stage step-up method of Benjamini, Krieger and Yekutieli. Data are expressed as mean ± SEM. 
**P<0.01; ***P<0.001. 
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Numerous studies have reported a direct connection between metabolic disorders and vascular 

dysfunction considering it a hallmark of obesity (Zaborska et al., 2017). In fact, dysfunctional 

endothelium can cause by itself secondary pathologies associated with such metabolic disorders 

(Rajendran et al., 2013), thus contributing to the progression and worsening of these diseases. 

However, emerging evidences have reported that genetic loss of certain proteins in the 

endothelium results in systemic metabolism alterations (Hashimoto et al., 2015; Sawada et al., 

2014; Yokoyama et al., 2014). These observations suggest a primary role of ECs as systemic 

metabolism modulators (Graupera and Claret, 2018; Pi et al., 2018). 

Mitochondria are considered the “powerhouse” of the cell since they provide the required 

energy for cellular processes. Given the pivotal role of mitochondria in cellular bioenergetics, 

mitochondrial dysfunction is present in many pathophysiological processes, including metabolic 

disorders such as obesity and T2D (Gao et al., 2014). Excessive ROS production and oxidative 

stress are thought to be involved in mitochondrial function impairment. Intimately linked to ROS 

production and mitochondrial performance is the well-known process of mitochondrial 

dynamics. Impairment of this process has been associated with metabolic disorders, and 

conversely, metabolic diseases have been directly connected with mitochondrial dynamics 

dysregulation (Bhatti et al., 2017). Therefore, mitochondrial dynamics is crucial for adequate 

mitochondrial function and is considered a bioenergetic adaptation process to the metabolic 

needs and demands of the cell (Westermann, 2012). 

Most of the vascular studies reported so far have been focused on understanding the process of 

angiogenesis, in which ECs are in a proliferative state. However, in adults, ECs usually are in a 

quiescent state and rarely proliferate. In fact, proliferative ECs in adult organisms have been 

often related to diseases like cancer, obesity, vascular malformations and blindness among 

others (Carmeliet, 2003). However, the role of quiescent ECs in maintaining blood and tissue 

homeostasis, likely via sensing of environmental cues and generating responses in accordance, 

remains relatively unexplored. Mitochondria have been suggested to be the endothelial sensors, 

integrators and modulators of the ECs responses, rather than energy suppliers (Caja and Antonio 

Enríquez, 2017; Davidson and Duchen, 2007; Tang et al., 2014). 

Therefore, a detailed study of diverse mitochondrial processes, such as mitochondrial dynamics, 

in ECs is necessary to understand the connection between vascular biology, mitochondrial 

function and metabolism. 
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1. Mitofusins; siblings rather than twins 

As mentioned in the Introduction section, despite Mfn1 and 2 exhibit high degree of homology 

they exert both redundant and distinct functions. This observation was evidenced in in vivo 

studies in which double KO mice died at mid-gestation due to insufficient fusion (Chen et al., 

2003a). Interestingly, either single mutant embryos live longer than double mutants, suggesting 

non-redundant functions (Chen et al., 2007). Non-overlapping functions of Mfns have also been 

demonstrated in adulthood. For instance, liver Mfn1 KOs are protected against diet-induced 

insulin resistance (Kulkarni et al., 2016), while hepatic Mfn2 deletion in mice led to metabolic 

abnormalities, such as glucose intolerance, enhanced hepatic gluconeogenesis and impaired 

insulin signalling (Sebastián et al., 2012). Moreover, in POMC neurons, while Mfn1 deletion leads 

to defective pancreatic insulin release in the face of unaltered energy homeostasis (Ramírez et 

al., 2017), Mfn2 ablation causes a completely different phenotype characterized by obesity due 

to ER stress-mediated leptin resistance (Schneeberger et al., 2013). 

Little is known about the role of Mfns in ECs. In fact, only one study has initially investigated 

their functions in vitro in HUVECs. Absence of both Mfn proteins disrupts mitochondrial 

networks and reduces mitochondrial membrane potential, thus decreasing VEGF-mediated 

migration and differentiation. However, Mfn2 ablation resulted in decreased ROS generation 

probably due to the stimulation of the Akt/eNOS signalling pathway, while in Mfn1 deleted ECs 

these parameters remain unaltered  (Lugus et al., 2011). In our study, we do also report 

differential phenotypes upon Mfn1 or Mfn2 specific deletion in ECs in vivo. In fact, Mfn1 loss 

does not support our hypothesis, since its deletion does not lead to any systemic metabolic 

alteration. However, upon Mfn2 loss, we observed a marked beneficial metabolic phenotype. 

The phenotype differences seen in several studies investigating Mfn1 and Mfn2 mutants, 

including ours, could be explained by divergent Mfns expression patterns amongst diverse 

tissues. Although RNA-seq analysis suggest low expression levels in most rodent tissues (Eura et 

al., 2003), it has been reported that Mfn1 is ubiquitously expressed but particularly abundant in 

heart, liver, pancreas and testis (Eura et al., 2003; Santel et al., 2003). However, Mfn2 is 

preferentially expressed in heart, skeletal muscle, brain and iBAT (Bach et al., 2005; Eura et al., 

2003). In HUVECs, MFN2 expression is 8-fold higher than MFN1. Besides, upon VEGF stimulation, 

MFN2 expression was 3-fold higher than MFN1 (Lugus et al., 2011). Altogether, these 

observations could explain, at least in part, the differential phenotype observed upon Mfns 

deletion in our study. 
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2. Tissue specificity 

Mitochondria are widely present in almost every cell of the organism but erythrocytes. 

Mitochondrial content within different cell types varies significantly, occupying from 2 to 6% of 

the cytoplasm volume in ECs and up to 32% in cardiac myocytes (Barth et al., 1992; Oldendorf 

et al., 1977), according to the energy requirements and the specific functions of the cells. 

Consequently, mitochondrial related proteins, such as Mfns, are differentially expressed among 

tissues, as shown in the previous section, suggesting cell-specific functions. 

In addition to the studies mentioned in the previous section, a variety of phenotypes are 

reported upon Mfn2 deletion in diverse tissues. For instance, Mfn2 deletion in hippocampus and 

cortex results in oxidative stress and neuronal death (Jiang et al., 2018). Moreover, knocking out 

Mfn2 in mouse white adipocytes results in an obese phenotype (Mancini et al., 2019). Deletion 

of Mfn2 in brown adipocytes causes BAT hypertrophy and cold intolerance (Boutant et al., 2017), 

although Mfn2 seems to have a beneficial effect in HFD-BAT adaptation. Surprisingly in our case, 

we observed that deficiency of Mfn2 in ECs decreases body weight and fat mass, likely due to 

enhanced EE and lipolytic activity thus conferring resistance to diet-induced obesity. Mouse 

studies in muscle, show that Mfn2 deficiency accelerates the age-related detrimental effects 

(Sebastián et al., 2016). In contrast, we report improved age-associated biomarkers, as 

demonstrated by improved locomotor activity, cognition and several physiological parameters 

in aged Mfn2iΔEC mice. So generally speaking, although reduced expression of Mfn2 in diverse 

tissues or cell-types has been associated with harmful effects for the organism, our mouse 

model reveals that knocking out Mfn2 in ECs could be systemically beneficial. 

The broad ranges of phenotypes reported upon same-gene deletion suggest tissue/cell-specific 

actions of Mfn2, and this could also be the case within the endothelium. It is known that the ECs 

are not all alike. In fact, there is a notable heterogeneity across the endothelium. ECs 

heterogeneity is mediated, at least in part, by site-specific and time-dependent differences in 

gene transcription (Minami and Aird, 2005). Depending on the type of vessel or organ in which 

they are located, ECs exhibit differential molecular patterns of expression and functional 

properties (Aird, 2007; Herron et al., 2019; Marcu et al., 2018; Nolan et al., 2013). 

Although the vasculature are amongst the first organs to form during development (Carmeliet 

and Collen, 1997), vessel growth continues after birth in lung (deMello et al., 1997), heart 

(Hudlicka and Brown, 1996), brain (Ment et al., 1997; Wang et al., 1992) and retina (Stone et al., 

1995). Deletion of Mfn1 and 2 is embryonically lethal. Hence, we decided to induce DNA 

recombination in 8-week-old mice, with the aim of avoiding possible interferences during the 
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vascular network development. We have demonstrated that the recombination event of the 

gene of interest was extended across the endothelium, except retina and pituitary. However, 

the extent of deletion was only assessed in lung given the abundant presence of ECs in this 

tissue. Indeed, based on the observations that around 20% of adult mouse lungs are ECs (Singer 

et al., 2016), we show a significant decrease in Mfn2 expression in this tissue reflecting ECs-Mfn2 

deletion. Analysis of vessel structure and functionality reveal no overt abnormalities caused by 

Mfn2 deletion. Thus, we concluded that our model is suitable to study the role of Mfn2 in adult 

mouse vasculature. 

3. Enhanced lipid metabolism 

Adult mice with endothelial Mfn2 deletion display decreased adiposity likely due to enhanced 

EE and reduced RQ. Excluding alterations in food intake, locomotor activity or thermogenesis, 

augmented BMR seems to be the likely cause for the increased energy consumption. EE is usually 

increased during the active phase (night, for rodents) and decreased during the inactive period 

(day, for rodents). Interestingly, we do detect slightly higher rates of EE in the inactive phase 

when compared to controls. This observation further reinforces the idea of increased BMR as a 

putative cause of the increased EE, since during this phase, basal metabolism is the major 

contributor to EE. Conversely, during the dark-active phase, locomotor activity and the 

thermogenic effect associated to food intake are the major sponsors of EE. Given that, it is likely 

that the tiny contributions of BMR to EE during this phase, could be masked, thus explaining the 

equivalent EE detected in the dark phase. 

Moreover, RQ values also oscillate during night and day. It is generally reduced during the light-

inactive-fasting phase, indicating a higher oxidation of the lipid storages. However, in the 

darkactive-fed period, mice metabolize more carbohydrates, thus increasing the RQ values close 

to 1. In contrast, mice with Mfn2 deletion in ECs show a significantly attenuated fluctuation of 

the RQ pattern throughout the 48h period, indicating a sustained tendency to utilize fat as 

substrate. 

The capacity of an organism to adapt their metabolism to the energy demands, as well as 

prevailing conditions or activity, is known as metabolic flexibility. This concept was defined in 

the context of fuel selection in the transition from fasting to fed states (Galgani et al., 2008; 

Goodpaster and Sparks, 2017; Kelley and Mandarino, 2000). Metabolic inflexibility has been 

associated to obese and T2D patients (Goodpaster and Sparks, 2017; Kelley et al., 1999). In fact, 

mouse studies show that metabolic inflexibility precede glucose intolerance and obesity-

induced alterations (Muoio and Neufer, 2012; Noland et al., 2009).  
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Our results show that upon fed/fast transition, Mfn2i∆EC mice activate the lipolytic machinery to 

a similar extent as their control counterparts thus adapting its metabolism to energy demand. 

However, the continuous tendency to metabolize fat, shown by low RQ values throughout the 

day, suggests certain metabolic inflexibility. In fact, the increased lipid oxidation shown during 

the dark-fed phase correlates with the higher activation of HSL in WAT in fed conditions. This 

observation points towards a basal and sustained fat mobilization and oxidation irrespective of 

the metabolic state. This observation could actually explain the decreased adiposity and body 

weight, as well as the resistance to diet-induced obesity shown by Mfn2i∆EC mice.  

Although the obtained results point towards WAT as the putative tissue underlying the Mfn2i∆EC 

mice phenotype, further experiments are needed to uncover why FAO is increased. One possible 

explanation would be that ECs lacking Mfn2 are promoting FAO via crosstalk between the 

endothelium and the adipocytes through existing mechanisms such as extracellular vesicles 

(Crewe et al., 2018) or release of angiocrine factors. This would enhance fatty acid consumption 

by peripheral tissues such as muscle, thus explaining the increased EE and the decreased RQ. 

However, with the available data, we cannot exclude that changes in endothelium metabolism 

itself are the responsible of the observed phenotype. The aforementioned mouse models 

lacking Mfn2 in diverse tissues displayed deleterious cellular and systemic effects due to 

oxidative stress. Taking this into consideration, we cannot rule out the possibility that ROS 

production and accumulation is increased in the endothelium of our mouse model. Importantly, 

the observation that the deletion of Mfn2 in ECs does not cause deleterious systemic effects 

would suggest an EC-intrinsic machinery in charge of ROS detoxification, thus preventing 

oxidative stress. In fact, ROS accumulation was significantly decreased in hypothalamus, liver, eWAT and iBAT in our model. 

Interestingly, as mentioned in the introduction, quiescent ECs upregulate FAO as a protective 

mechanism against oxidative stress (Kalucka et al., 2018). Therefore, we cannot discard that 

Mfn2 deleted ECs could rely on FAO as a ROS-detoxification mechanism. 

4. Calorie restriction-like phenotype 

Calorie restriction (CR) refers to the chronic reduction of the total caloric intake without causing 

malnutrition. CR has emerged as the most efficient non-genetic intervention to extend both 

health- and life-span in multiple animal models including yeast, fruit flies, worms, rodents and 

monkeys (Fontana et al., 2010; De Guzman et al., 2013). Some of the metabolic improvements 

upon CR, such as reduced body weight and fat mass, decreased fasting blood glucose and plasma 

insulin concentrations, as well as increased insulin sensitivity and glucose uptake, have been 

observed in mice and monkeys (Roth et al., 2006). Moreover, recent studies suggest that the 



DISCUSSION 

 104 

beneficial metabolic effects of CR observed in mice and other species, could be relevant for 

human physiology (Racette et al., 2006; Redman et al., 2018). CR has also been associated with 

reduced risk of developing age-associated diseases such as diabetes, cancer and cardiovascular 

diseases, as well as with the prevention of age-associated impairments in memory and learning. 

Besides, studies in calorie-restricted aged rats show improved locomotor activity and age-

associated renal disease (Jiang et al., 2005; Masoro, 2000; Salvatore et al., 2016; Stewarrt et al., 

1989; Witte et al., 2009).  

Interestingly, Mfn2i∆EC mice share several phenotypical features with the calorie-restricted mice.  

Both models exhibit body weight, adiposity reduction and resistance to develop metabolic 

diseases such as obesity and TD2 similar. Moreover, our mutant mice preserve young-like age-

associated parameters such as improved cognition, locomotor activity and coordination, show 

preserved kidney function and do not develop anaemia upon ageing thus indicating improved 

health-span. In contrast, unlike the CR model, lifespan in endothelial Mfn2 deleted mice is not 

extended. This is in line with recent studies indicating that life- and health-span are not 

necessarily correlated (Fischer et al., 2016). 

Moreover, as reported by short CR intervention studies, reduced body weight and adiposity is 

limited to the time in which feeding is restricted. However, health-span benefits persist long 

time after the CR intervention (Hornsby et al., 2016; Melo et al., 2019), suggesting that the 

mechanisms involved in health-span are established early and linked to the adiposity reduction. 

Unlike the CR model, body weight loss in Mfn2i∆EC mice is not recovered but the initial tendency 

becomes stable around six weeks after recombination. After this time point, control and Mfn2i∆EC 

mice described parallel body weight curves. These observations suggest that the mechanisms 

governing health-span could be related, but are not coupled, with body weight reduction in both 

models. Moreover, given the observed similarities we cannot exclude analogous molecular 

mechanisms underlying both phenotypes. For this reason, I will briefly summarize the current 

hypotheses that could explain the health-span improvements found in CR mice, to find a suitable 

explanation for our phenotype. 

Several hypotheses exist in the literature linking CR and ageing. First, the “growth retardation 

hypothesis” proposes that CR increases the longevity of mice by delaying development. This 

hypothesis is illustrated by reduced body and organs size, including reduced femur length, in CR-

rats (McCay et al., 1935). Consistent with growth retardation, it has also been reported 

decreased levels of insulin-like growth factor-1 (Igf-1) in calorie-restricted rats and mice (Breese 

et al., 1991; D’Costa et al., 1993; Sonntag et al., 1992). Given that aged controls and Mfn2i∆EC 
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mice show equivalent body and organs weight, as well as femur length and plasma Igf-1 (data 

not shown), this theory does not explain the phenotype observed in our study. 

Reduced fat mass has also been proposed as a mechanism underlying CR beneficial effects. This 

observation was based on the fact that fat accumulation is associated with premature death in 

humans and that CR rodents exhibit decreased visceral fat (Barzilai and Gupta, 1999). Although 

there is some controversy linking reduced fat mass and lifespan, it is unquestionable that 

excessive fat accumulation, particularly in the abdominal region, compromise health-span since 

it is associated with TD2 and insulin resistance in several tissues (Fagot-Campagna et al., 2001; 

Ford et al., 1997; Mokdad et al., 2003; Urbanavičius et al., 2013). Therefore, the hypothesis 

based on reduced fat mass, could explain in part the phenotype observed in Mfn2i∆EC mice. In 

fact, reduction in total fat mass (including visceral adiposity) was observed in Mfn2i∆EC mice fed 

with HFD. Nevertheless, the improvements shown by Mfn2i∆EC mice upon ageing will remain 

vaguely justified by this theory, since aged Mfn2i∆EC mice show improved health parameters in 

the face of unaltered body weigh when compared to controls. Other suggested hypothesis that 

could mimic better the phenotype observed by Mfn2i∆EC mice, will be explained in the following 

sections. 

4.1 Oxidative damage attenuation hypothesis 

Another hypothesis is based on the oxidative stress theory that proposes that ageing is a 

consequence of molecular damage caused by excessive ROS production (Harman, 1965). This 

line of thought evolved into the mitochondrial theory of ageing, since mitochondria are major 

sources of ROS (Barja, 2002; Beckman and Ames, 1998). As explained in the Introduction section, 

oxidative stress damages biological molecules, such as DNA, proteins or lipids, altering cellular 

functions thus compromising life. In fact, it is established that CR delays age-associated 

accumulation of oxidative damage in mice and also in monkeys (Fontana et al., 2010; Sohal and 

Weindruch, 1996; Someya et al., 2010; Weindruch and Sohal, 1997; Yu, 1996; Zaninal et al., 

2000). Of note, reduced ROS levels (assessed by H2O2 measurements) were found in tissues from 

young Mfn2i∆EC mice when compared to controls, suggesting that the cumulative oxidative 

damage of these tissues could be reduced upon ageing. Whether this lower H2O2 content is due 

to a decreased production or to increased ROS-scavenger mechanisms is still under 

investigation.  

Interestingly, higher levels of NO were found exclusively in sWAT. This result raises a key 

question: could NO be an angiocrine factor secreted in all vascular beds or only by the ECs 
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located in the sWAT? It is known that NO is secreted by ECs in response to some stressors such 

as shear stress (Kabirian et al., 2015). Besides, in 1992, it was suggested that the endothelium 

could be regarded as an endocrine organ in its own right with a paracrine secretion of NO (Vane 

and Botting, 1992). Therefore, assuming that Mfn2 deleted endothelium secretes NO in a 

paracrine manner, and knowing that NO and H2O2 react (Nappi and Vass, 1998), this theory 

would explain the lower H2O2 release detected in several tissues of our mutant mice. However, 

we detected an increased release of NO in the sWAT. Therefore, we cannot exclude the 

possibility of an endocrine effect specific of the endothelium form of the sWAT. Thus, NO 

produced by ECs in sWAT will act in an endocrine manner reducing ROS levels systemically. 

Vascular Nitric Oxide 

NO is generated by NOS and in mammals three isoenzymes are found: nNOS (neuronal), iNOS 

(inducible) and eNOS (endothelial). Interestingly, it has been reported that CR induces eNOS 

expression but not other isoenzymes (Nisoli et al., 2005). This study also reports that this 

induction is observed in several tissues (brain, liver, iBAT and heart), but it is particularly high in 

WAT. CR is also accompanied by increased mitochondrial biogenesis, oxygen consumption and 

ATP production as well as enhanced expression of sirtuin 1 (SIRT-1) (Nisoli et al., 2005). 

Importantly, SIRT-1 (the mammalian form of Sir2 gene that mediates lifespan extension upon 

CR in yeast) (Anderson et al., 2003; Lin et al., 2000), has also been reported to promote fat 

mobilization (Picard et al., 2004). Nisoli and colleagues have also shown that upon eNOS 

inactivation mitochondrial biogenesis is blunted and SIRT-1 levels are decreased. This suggests 

that under stress conditions (in this case CR) eNOS expression increases its activity, as a putative 

compensatory mechanism.  

Other studies have investigated the role of eNOS by knocking-down or overexpressing it in vivo. 

In fact, HFD-fed and db/db mice exhibit decreased eNOS protein levels in AT (Sansbury et al., 

2012). Interestingly, overexpression of eNOS (eNOSTG) in mice mimics the phenotype observed 

upon endothelial Mfn2 deletion. Sansbury and colleagues reported that eNOSTG mice show 

reduced adiposity and resistance to body weight gain upon HFD administration, due to an 

increased metabolic rate. Although these mice were insulin resistant and glucose intolerant, 

they exhibited a higher fatty acid metabolism in AT, thus preventing lipid accumulation and 

adipocyte expansion. Since increased FAO suggests higher mitochondrial activity, oxygen 

consumption was measured in AT explants. This experiment revealed enhanced oxygen 

consumption in the AT of eNOSTG mice when compared to controls. All in all, Sansbury and 

colleagues concluded that overexpressing eNOS causes a hypermetabolic state in the AT that 
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could explain the increased energy consumption and diet-induced obesity resistance (Sansbury 

et al., 2012).  

Conversely, the eNOS KO mouse phenotype opposes the phenotype observed in Mfn2i∆EC mice, 

reporting reduced EE and oxygen consumption (Le Gouill et al., 2007). Another study 

demonstrates a role for eNOS in the control of glucose and lipid homeostasis (Duplain et al., 

2001). Furthermore, aged-eNOS KO mice show higher mortality and reduced locomotor activity 

in the open field test (Dere et al., 2002), as well as renal failure progression (Forbes et al., 2007). 

Collectively, the strong phenotypical similarities between in vivo genetic manipulations of eNOS 

and Mfn2i∆EC mouse suggest that NO may mediate some of the metabolic and ageing 

improvements observed in our model. Therefore, an in-depth assessment of eNOS function in 

Mfn2i∆EC mice is mandatory.  

4.2 Hormetic response 

Hormesis is defined as the beneficial effects resulting from the response of an organism to a 

sustained low-intensity stressor (Furst, 1987; Masoro, 2005). The hormesis response has been 

suggested as another hypothesis underlying the beneficial effects observed in CR conditions, 

including increased life- and health-span. Moreover, CR has been associated with increased 

metabolic rate (Schulz et al., 2007; Walker et al., 2005) and higher mitochondrial metabolism. 

Therefore, it is likely that as a by-product of mitochondrial metabolism, ROS production is 

increased (Schulz et al., 2007). While excessive ROS has been associated with cellular damage 

and ageing, low levels may induce an adaptive response. This type of hormesis, when the low-

intensity stressor is referred to mitochondrial ROS, is known as mitochondrial hormesis or 

mitohormesis. Of note, it has been reported that CR induces stress defence mechanisms, in 

particular those in charge of ROS-detoxification, such as eNOS (Nisoli et al., 2005; Ristow and 

Schmeisser, 2014). These two situations associated with CR (that is increased mitochondrial ROS 

and stress defences induction), may secondarily reduce mitochondrial ROS in a time-resolved 

manner (Zarse et al., 2012). This indicates that the mitohormetic ROS signals are transient or 

even abolished due to an adaptive response mediated by antioxidative mechanisms and stress 

defences. In fact, under CR conditions it has been described a primary ROS generation, followed 

by a reduction of ROS levels due to the activation of the detoxification mechanisms (Agarwal et 

al., 2005). Although these studies were performed in yeast, carbonylated protein concentrations 

(a marker of oxidative protein damage) were found in brains of mice shortly after CR. However, 

in steady-state, after the acute insult, these levels were significantly lower than controls (Dubey 

et al., 1996).  
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Given these observations, a parallelism with the endothelial Mfn2 KO mice phenotype can be 

inferred from the body weight curves either under STD or HFD conditions. Upon Mfn2 

recombination in ECs, reduction in body weight is observed for few weeks. However, after that 

time, mice stop to lose weight and the slope of the curve changes. In fact, Mfn2i∆EC mice re-start 

to gain weight and body weight curves continue parallel to the control ones. Thus, it is likely that 

the initial impact of Mfn2 deletion is progressively compensated via a mitohormesis mechanism. 

As mentioned, high levels of ROS cause cellular damage, promoting ageing. It is known that high 

ROS levels activate anti-ROS-defences, thus preventing oxidative damage via an adaptive 

response. The reduced ROS levels observed in several tissues of Mfn2i∆EC mice could result from 

enhanced systemic antioxidative defences, thus decreasing ROS levels in the context of a 

hormetic response.  

5. Limitations of the study and ongoing research 

5.1 Endothelial transcriptome analysis 

One of the major challenges of this study is the assessment of the molecular underpinnings of 

ECs in vivo. Given that endothelial mitochondria integrate and respond to environmental cues, 

those strategies involving stressful procedures such as tissue homogenization, enzymatic 

digestion or cell sorting are not adequate. For this reason, we generated a mouse line that 

permits the in vivo isolation of EC-RNA. We took advantage of the RiboTag mouse line, which 

allows Cre-mediated tagging of polyribosomes and subsequent isolation of mRNA in a cell-

specific manner via immunoprecipitation (Sanz et al., 2009). We crossed the Pdgfb-iCre-ERT2-

Mfn2flox/flox mice with the RiboTag mice, that upon tamoxifen administration generates the 

Mfn2i∆EC-RiboTag mouse model. 

The endothelial transcriptome analysis will confirm the extension of Mfn2 gene deletion in the 

different vascular beds and will help to unravel crucial aspects of the intriguing phenotype of 

our mutant mice. Based on H2O2 and NO release results, we anticipate alterations in the 

expression patterns of ROS- and NO-related genes in ECs. This may help to understand the role 

of these signalling molecules in our experimental settings. 

5.2 Mitochondrial ultrastructure and functionality studies 

Another notable omission of this study is the evaluation of the mitochondrial ultrastructure and 

functionality. Since time and resources are limited and given the heterogeneity of ECs, we 
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decided to pair this decision to the EC transcriptome analysis. Therefore, knowing the 

contribution of the different vascular beds to the phenotype observed, this study will be 

performed in the most appropriate ECs populations. 

Most of the publications targeting Mfn2 in different tissues, show diminished mitochondrial 

network, increased fragmentation (by showing decreased AR and FF) and more rounded and 

enlarged mitochondria (Boutant et al., 2017; Lee et al., 2012; Mahdaviani et al., 2017; 

Schneeberger et al., 2013; Sebastián et al., 2012; Yang et al., 2018), including ECs in vitro studies 

(Lugus et al., 2011). In our case, we report bigger mitochondria, without alterations in AR and 

FF. This discrepancy could be due to the limited accuracy of the confocal microscopy technique 

that we initially used for the assessment of the mitochondrial network. We are currently 

planning to conduct electron microscopy studies to precisely assess mitochondrial ultrastructure 

and morphology. 

Furthermore, specific mitochondrial functionality studies are required for the adequate 

characterization of our mutant mice. For this reason, assessment of mitochondrial respiration in 

isolated ECs and tissues are planned. The results derived from the endothelial transcriptome 

analysis will likely reveal the specific tissues and vascular beds to perform this assessment. EC-

specific mitochondrial respiratory alterations without changes in the residing organ will suggest 

EC-specific defects. However, if we detect respiratory alterations also in the residing tissue, this 

observation will point towards a specific crosstalk between ECs and the residing organ. 

6. Concluding remarks 

The correct function of the vascular system is essential for life. Blood vessels are lined by ECs 

and allow the distribution of oxygen and nutrients, crucially regulating the passage of substances 

to satisfy the necessities of every organ. Therefore, ECs are crucially positioned to sense diverse 

environmental cues and respond in accordance. Mitochondria have emerged as key endothelial 

sensors, integrators and modulators of the ECs responses, being ROS a key signalling molecule. 

Here we show that in vivo endothelial mitochondrial function is implicated in the regulation of 

systemic energy balance as well as in ageing progression. 

The precise molecular mechanism underlying the phenotype observed upon endothelial Mfn2 

deletion is incompletely understood. However, based on the described results in this report and 

the previous observations from the literature, we can propose that Mfn2i∆EC mice mimic, at least 

partially, the CR model. CR results in excessive generation of ROS, which in turn activates the 

detoxification machinery and eventually reducing ROS levels (Agarwal et al., 2005). CR also 
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induces eNOS expression (Nisoli et al., 2005) which acts a as a putative mechanism to 

compensate high ROS levels. 

Consistently, elevated ROS levels are also reported in mouse models of Mfn2 deletion in diverse 

tissues (Jiang et al., 2018; Schneeberger et al., 2013; Sebastián et al., 2012). However, specific 

deletion of endothelial Mfn2 in vitro reduces ROS production and increases eNOS activity (Lugus 

et al., 2011), suggesting the existance of an intrinsic EC ROS-eNOS axis involved in oxidative 

stress detoxification. We have not directly assessed eNOS activity in this study. However, ROS 

and NO release levels measured in several tissues points towards an enhanced eNOS function 

either across the endothelium or specifically in the ECs residing in the sWAT. In addition, the 

described phenotypes upon global eNOS overexpression or eNOS ablation (Dere et al., 2002; 

Duplain et al., 2001; Forbes et al., 2007; Le Gouill et al., 2007; Sansbury et al., 2012), reflect and 

opposes respectively the phenotype observed in our mutant mice. These mechanisms could 

explain at least in part the HFD-resistance and improved health-span found in Mfn2i∆EC mice. 
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Chapter I: Endothelial Mfn1 function assessment 

1. Adult endothelial deletion of Mfn1 does not alter the EC population. 

2. Loss of Mfn1 in ECs does not cause systemic metabolic alterations when fed standard or 

high-fat diet. 

Chapter II: Decoding the function of Mfn2 in ECs 

1. Loss of endothelial Mfn2 in adult mice does not cause histopathological or vascular 

function alteration. 

2. Endothelial Mfn2 deletion in adult male and female mice causes body weight reduction 

as a consequence of decreased adiposity, both under standard or high-fat diet 

conditions. 

3. The leaner phenotype of Mfn2i∆EC mice is a consequence of increased EE, and the 

sustained mobilization and oxidation of the lipid storages. 

4. Mice lacking Mfn2 in ECs are resistant to diet-induced obesity, as shown in both 

preventive and curative studies.  

5. Aged Mfn2i∆EC mice exhibit improved health-span despite unaltered lifespan. 
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