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“Nothing in live is to be feared, it is only to be understood. Now is the time to understand 

more, so that we may fear less” 

Marie Skłodowska-Curie 
 

 

“Nada en la vida debe ser temido, solamente comprendido. Ahora es el momento de 

comprender más, para temer menos” 
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Abstract 

The presence of oxygen in our atmosphere is and has been vital for evolution and survival, not only for humans, but for 

the majority of living beings on Earth. In this sense, world renowned scientists have revealed that several metabolic 

disorders present altered oxygen partial pressure at a tissue level, while some researchers have re-considered oxygen as 

a nutrient. Oxygen availability could be compromised in obesity and several other metabolically related pathological 

manifestations such as: sleep apnea-hypopnea syndrome (SAHS), metabolic syndrome (Mets, which is a set of conditions, 

including: hyperglycemia, hypertension, hyperlipemia, and central adiposity), diabetes type 2 and cardiovascular disease. 

Strategies designed to reduce adiposity and accompanying manifestations have been mainly based on nutritional 

interventions and physical activity programs. However, novel therapies are needed since these approaches have not been 

sufficient to counteract the increasing rates of metabolic disorders. In this regard, a potential treatment is intermittent 

hypoxia training, which could induce several benefits from oxygen-related adaptations. Concerning prevention, other 

authors have reported that living at high altitude could have a protective effect against the development of abnormal 

metabolic conditions. On the other hand, there is a growing need for novel in vitro models to study the potential pathways 

involved in metabolic dysfunction in order to find appropriate therapeutic targets. Based on the existing evidence, it was 

theorized that the oxygen availability has a key role in obesity and related comorbidities.  

Thus, the general objective of the present dissertation was to investigate the implication of oxygen on metabolic disorders 

in vivo and in vitro. The specific aims for each chapter were: 1. To analyze the potential metabolic benefits, for obese 

subjects with SAHS, of exercising under intermittent hypoxic conditions following a healthy dietary pattern; 2. To study 

the influence of resting oxygen consumption on global and gene promoter DNA methylation and protein secretion of 

inflammatory markers in PBC from obese subjects with SAHS; 3. To evaluate the longitudinal long-term association 

between altitude of residence and incidence of MetS in a prospective cohort of Spanish subjects; 4. To determine whether 

geographical elevation is inversely associated with MetS and its individual components in an Ecuadorian population; 5. 

To characterize the effect of CM from LPS-activated macrophages on the regulation of HIF-1α-related genes in murine 

adipocytes; and 6. To assess the effects of cerium oxide nanoparticles on inflammation and hypoxia induced by 

conditioned medium in different metabolic cell types. 

Overall, the results reported in the present dissertation evidenced the involvement of oxygen in obesity and associated 

metabolic disorders. Notably, individuals with obesity coupled to SAHS, showed specific cardiometabolic benefits from 

the treatment with intermittent hypoxia training. Moreover, our research adds novel data to the existing literature 

concerning the epigenetic markers and metabolic disease, as participants with lower resting oxygen consumption showed 

lower IL6 methylation and higher IL-6 serum levels, normally related with a pro-inflammatory status. Furthermore, the 

incidence and prevalence of MetS was inversely associated to altitude both in Spain and Ecuador, suggesting a 

physiological protective role of geographical elevation on metabolic disorders. These results confirm that oxygen 

availability could be one of the main features to understand, prevent and treat metabolic disorders. Furthermore, our 

research contributed to better comprehend not only the participation of oxygen levels in the air breathed, but also the 

cellular and molecular involvement of oxygen in inflammation through HIF-1α transcriptional activation, the master 

regulator of oxygen homeostasis. The CM in vitro model showed great similarities to the HFD mice models, commonly 

used in the study of obesity and related pathologies. Finally, the treatment with cerium oxide nanoparticles in metabolic 

syndrome-related cell lines under pro-inflammatory conditions suggested a potential insulin sensitizing effect specifically 

on adipose tissue and skeletal muscle as related to mitochondrial content and adiponectin expression. In conclusion, 

oxygen arises as a good option to further investigate not only the potential therapeutic strategies, but also new targets 

in the treatment and prevention of metabolic disorders.   

 



    

 
 

Resumen 

La presencia de oxígeno en nuestra atmósfera es y ha sido vital en la evolución y supervivencia, no solo para los humanos, 

sino para la mayoría de los seres vivos de la tierra. En este sentido, científicos de renombre mundial han demostrado que 

algunas alteraciones metabólicas presentan una presión parcial de oxígeno alterada a nivel tisular, mientras que otros 

investigadores han reconsiderado al oxígeno como nutriente. La disponibilidad de oxígeno podría verse comprometida en 

obesidad y ciertas manifestaciones patológicas relacionadas como el síndrome de apnea-hipopnea (SAHS), el síndrome 

metabólico (MetS, se caracteriza por la agrupación de hiperglucemia, hipertensión, hiperlipemia y obesidad central), 

diabetes tipo 2 y enfermedad cardiovascular. Las estrategias diseñadas para reducir la adiposidad y las manifestaciones 

asociadas se han basado principalmente en intervenciones nutricionales y programas de actividad física. A este respecto, 

el ejercicio en hipoxia intermitente es un potencial tratamiento que podría producir beneficios de las adaptaciones al 

oxígeno. En cuanto a la prevención, otros autores han mostrado que vivir en altitud podría tener un efecto protector 

contra el desarrollo de condiciones metabólicas. Por otro lado, crece la necesidad de desarrollar nuevos modelos in vitro 

para el estudio de las potenciales vías metabólicas involucradas en la disfunción metabólica a fin de encontrar las dianas 

terapéuticas adecuadas. En base a las evidencias existentes, se postuló que la disponibilidad de oxígeno puede 

desempeñar un papel clave en la obesidad y comorbilidades asociadas.  

De este modo, el objetivo general de la presente tesis fue investigar la implicación del oxígeno en alteraciones 

metabólicas in vivo e in vitro. Los objetivos específicos de cada capítulo fueron: 1. Analizar los potenciales beneficios 

para sujetos obesos con SAHS de hacer ejercicio en condiciones de hipoxia intermitente siguiendo un patrón de dieta 

sana; 2. Estudiar la influencia del consumo de oxígeno en reposo sobre la metilación global y de regiones promotoras del 

ADN, y la secreción de marcadores inflamatorios en PBC de sujetos obesos con SAHS; 3. Evaluar la asociación longitudinal 

a largo plazo entre altitud de residencia y la incidencia de MetS en una cohorte prospectiva de sujetos españoles; 4. 

Determinar si la altitud geográfica está inversamente asociada al MetS y sus componentes individuales en una población 

ecuatoriana; 5. Caracterizar el efecto del CM derivado de macrófagos activados con LPS sobre la regulación de genes 

relacionados con HIF-1α en adipocitos murinos; y 6. Valorar los efectos de las nanopartículas de cerio sobre la inflamación 

e hipoxia inducida por el medio condicionado en diferentes tipos de células metabólicas.  

En conjunto, los resultados de la presente tesis evidencian la participación del oxígeno en obesidad y alteraciones 

metabólicas asociadas. Especialmente, los individuos con obesidad y SAHS mostraron ciertos beneficios cardiometabólicos 

del tratamiento con ejercicio en hipoxia intermitente. Además, nuestra investigación incorpora datos novedosos a la 

literatura existente sobre marcadores epigenéticos y enfermedades metabólicas, dado que los participantes con menor 

consumo de oxígeno basal mostraron una menor metilación en IL6 y niveles séricos de IL-6 mayores, normalmente 

relacionados con un estado proinflamatorio. Por otra parte, la incidencia y prevalencia de MetS se asoció inversamente 

con la altitud tanto en España como en Ecuador, sugiriendo un efecto fisiológico protector de la altitud en los desórdenes 

metabólicos. Estos resultados confirman que la disponibilidad de oxígeno podría ser una de las principales características 

para entender, prevenir y tratar las alteraciones metabólicas. Igualmente, nuestro estudio ayuda a comprender mejor la 

participación de los niveles de oxígeno en el aire respirado y la implicación a nivel celular y molecular del oxígeno en la 

inflamación a través de la activación transcripcional de HIF-1α, el principal regulador de la homeostasis del oxígeno. El 

modelo in vitro de CM mostró similitudes con el modelo de ratón HFD, comúnmente utilizado en el estudio de la obesidad 

y patologías asociadas. Finalmente, el tratamiento con nanopartículas de óxido de cerio de células asociadas al síndrome 

metabólico en condiciones proinflamatorias, sugiere un potencial efecto insulino-sensibilizador específico en tejido 

adiposo y músculo esquelético relacionado con el contenido mitocondrial y la expresión de adiponectina. En conclusión, 

el oxígeno se presenta como una buena opción para continuar investigando estrategias terapéuticas y nuevas dianas en 

el tratamiento y prevención de alteraciones metabólicas.
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1. Oxygen: an essential element 

Oxygen is a member of the chalcogen group on the periodic table, a highly reactive nonmetal that easily reacts with 

other elements to form oxides. By mass, oxygen is the third-most abundant element in the universe, after hydrogen and 

helium. At standard temperature and pressure, two atoms of the element bind to form dioxygen (O2), a colorless, 

odorless, gaseous element (Lenton 2003). 

 

 The discovery of oxygen 

Two centuries ago, scientists began to realize that there was an element in the air that was essential for life; something 

that could be depleted with a flame closed in a chamber (“phlogiston theory”), with severe consequences for small 

rodents inside this chamber (Stamati et al. 2011; Lindahl 2008). Joseph Priestley is credited for those experiments as he 

published first, but, at the same time, Carl Wilhelm Scheele was doing similar experiments (Lindahl 2008). Indeed, both 

scientists had communicated the experiments with Antoine Lavoisier, who discovered the chemical significance of the 

oxidation and coined it “oxygen” from the Greek roots ὀξύς oxys- "acid" and γενής -genes "producer" (Lenton 2003).  

 

 Evolution of atmospheric oxygen  

During the Hadean eon (4,600–3,800 million years ago), when life was inexistent, oxygen levels were nearly zero, and 

gradually in the subsequent 1,500 million years the first cells developed systems for energy metabolism under anoxic 

conditions (Stamati et al. 2011; Lindahl 2008). The first form of aerobic respiration was possible due to the disproportional 

amount of H2O2 in the atmosphere which was prevented by early catalase enzymes to avoid the harmful products as 

hydroxyl radicals. The great oxidation event was the transition that occurred around 2,500 million years ago from the 

anoxic environment in the early Earth’s life to an oxic atmosphere, whereby caused the rise of oxygen up to 2% (Lindahl 

2008; Stamati et al. 2011). Through evolution, living organisms have been required to adapt to changes in atmospheric 

concentrations of carbon dioxide, nitrogen and oxygen. Fluctuations in the levels of these elements have occurred 

multiple times throughout the evolution of Earth’s atmosphere. Nearly 4.000 million years ago the Earth’s atmosphere 

was composed of a ratio of CO2:N2:O2 of 98:1.9:0 and today this ratio is 0.03:79:21 (Brahimi-Horn and Pouysségur 2007; 

Stamati et al. 2011). This progressive change from an atmosphere lacking oxygen to one relatively rich in oxygen has 

been accompanied by a substantial increase in the complexity of living organisms (Brahimi-Horn and Pouysségur 2007).  

 

 From prokaryotes to eukaryotes 

The increased presence of oxygen produces a more efficient energy source in the form of aerobic metabolism, generating 

16–18 times more adenosine triphosphate (ATP) per hexose sugar than anaerobic metabolism (Stamati et al. 2011). The 

higher energy generated by the aerobic metabolism allows hundreds of new reactions and therefore new metabolites 

(Figure 1) (Stamati et al. 2011; Lenton 2003). Once oxygen became more abundant aerobic respiring bacteria could have 

thrived, including the ancestors of mitochondria (Lenton 2003), increasing cellular complexity throughout the tree of life 

(Figure 1). Eukaryotes have an abundance of oxygen in the plasma membrane, since oxygen is utilized in the mitochondria, 

a subdivision that could have evolved as a mechanism to protect the transmembrane proteins, which are rich in oxygen 

(Stamati et al. 2011). Through the development of complex compartmentalization of cells, multiple processes including 

signaling and different biochemical conditions could also be controlled in different parts of the cell, which in turn, may 

led to the emergence of multiple cell types within the same ‘greater’ organism, with over 200 different cell types in the 

adult human body (Acquisti et al. 2007; Fischer et al. 2016; Wegner et al. 2015).  
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 Early antioxidant systems 

Even though oxygen is essential for life in most organisms its metabolic products may become extremely toxic due to high 

reactivity of the electronically excited singlet oxygen (1O2) (Lenton 2003). This means that O2 is reduced to 2H2O producing 

the superoxide anion radical (O2
−), hydrogen peroxide (H2O2) and hydroxyl radical (·OH). These intermediates, reactive 

oxygen species (ROS), can lead to a serious threat to cells. Hydrogen peroxide and superoxide can interact easily with 

organic compound, and singlet oxygen reacts with carbon–carbon double bonds damaging cell membranes through a ROS 

reaction attacking fatty acids (Stamati et al. 2011). For this reason, organism should avoid their production through 

oxygen reduction using paramagnetic transition metals and organic substances with reactive sites (Lenton 2003). Besides, 

there are other enzymes responsible for minimizing the effects of ROS as catalases, glutathione peroxidases and 

superoxide dismutases. These protection mechanisms against the toxicity of ROS are thought to have evolved before the 

rise in oxygen levels that allowed for aerobic respiration (Stamati et al. 2011; Lenton 2003). 

 

2. Metabolism  

Living organisms are individual forms of life composed of a single cell or a complex of cells in which organelles or organs 

work together to carry out the various processes of life. Metabolism refers to the chemical reactions that occur within 

an organism to sustain life. The reactions are divided into two categories: catabolism (in complex organisms, the 

breakdown of organic matter to produce energy); and anabolism (the construction of molecules from smaller units). The 

catabolism or energy metabolism is the process of generating energy from nutrients and comprises a series of 

interconnected pathways that can function in the presence or absence of oxygen (Lunt and Vander Heiden 2011).  

 

Figure 1. The importance of oxygen. Left: Biosphere metabolic potential reactions. In blue, metabolites and reactions
present in anoxic metabolic networks. In red the oxic network metabolites and reactions whose presence is possible on 
oxygen availability either directly or secondarily. Green edges correspond to reactions that are present in both networks
but had an augmented set of reactions with oxygen available. Right: Phylogenetic tree of life. Adaptation to atmospheric 
oxygen concentration may have affected the rate of increase in cellular complexity and the timing of the appearance of
eukaryotic cells throughout the tree of life. Source: (left) Oxic/anoxic reaction databases available online at
https://prelude.bu.edu/O2/; (right) created with the Interactive Tree Of Life web-based tool at https://itol.embl.de/ 



INTRODUCTION 

5 
 

 Cellular respiration 

The energy metabolism converts the nutrients into free energy in the form of adenosine triphosphate (ATP). A major 

source of cellular energy is glucose. This molecule is metabolized via glycolysis to pyruvate, which can be oxidatively 

metabolized to CO2 in the Krebs cycle to generate 32 to 34 molecules of ATP through the oxidative phosphorylation. In 

an anaerobic process known as fermentation, pyruvate can be reduced to organic acids or alcohols generating 2 ATP, thus 

a far less efficient method than the oxidative phosphorylation. Despite the low efficiency of anaerobic glycolysis in ATP 

yield per molecule of glucose, it can generate more ATP than oxidative phosphorylation by producing ATP at a faster 

rate, and therefore meet higher demands of energy in certain circumstances (Lunt and Vander Heiden 2011). The 

contribution of anaerobic glycolysis to total ATP production is entirely dependent on the cell context and varies widely 

(1%–58%) (Zu and Guppy 2004). The production of ATP via the oxidative phosphorylation takes place in the mitochondria, 

which appear as tight packages of inner membrane called cristae. The mitochondria accommodate many copies of the 

respiratory chain complexes (I–IV), whereby an electrochemical proton gradient is generated from the matrix across the 

inner membrane into the intermembrane space.  During catalysis, there is an electron transfer between the complexes 

until the last component (complex IV), which catalyzes the reduction of oxygen to water. Finally, the proton gradient 

powers the ATP synthase (complex V) which catalyzes the synthesis of ATP (Friedman and Nunnari 2014).  

 

 Metabolic regulation in aerobic organisms 

At a molecular level, metabolic regulation acts modulating enzymatic activities, thus enabling the energy balance 

between the intake and the expenditure. This homeostasis is a dynamic process since metabolic flux change with time. 

The mechanisms for regulating metabolic flux could be divided into rapid, short-term and long-term changes. Rapid 

changes could occur within a fraction of a second, through certain pathways that usually involve molecules that already 

exist in the cells acting via covalent modifications as phosphorylation/dephosphorylation (at serine, threonine or tyrosine 

residues), allosteric regulation, feedback loops, competitive inhibition, interaction with proteins in signal chain and 

translocation between cellular compartments. Other changes need to take place more gradually, perhaps over a period 

of hours (short-term), days or longer (long-term), and usually involve changes in the amounts of enzymes (or other 

proteins) present. There is no absolute division between the different changes in time; rapid, short- and long-term 

mechanisms can coexist in metabolic responses, especially if the situation persists for longer. Short-term metabolic 

regulation is often controlled by signal molecules, that travel through the bloodstream and act through specific cellular 

receptors. Binding of this molecules to its receptor is usually followed by a complex chain of intracellular events linking 

it to the target metabolic process. Furthermore, the presence of a chain reaction allows amplification of the signal. On 

the other hand, long-term regulation allows the body to adapt to changes in lifestyle, which involves changes in the 

amounts of proteins, as a result of changes in the rate of transcription of the genes concerned into mRNA expression. 

Gene expression is the most fundamental level at which the genotype gives rise to the phenotype and is regulated by a 

number of mechanisms. For instance, some nuclear proteins (transcription factors) are responsible for transcriptional 

regulation by protein-DNA interactions at specific binding sites. Moreover, epigenetic regulation affects gene expression 

through changes in the DNA without affecting the sequence (including DNA methylation, covalent modifications to 

histones, microRNAs and changes in nucleosomes and chromatin) (Frayn 2010; Wegner et al. 2015). The methylation 

changes in DNA is currently the most-studied epigenetic marker (Martínez et al. 2014).  Figure 2 illustrates several forms 

of regulation of cellular metabolism. Energy homeostasis is an important aspect of metabolic regulation involved in the 

adaptation to different circumstances. Among these regulatory changes, some of the most important are the increase in 

the capacity of the tissues to carry out the oxidative metabolism and the availability of oxygen itself.  Oxygen is just as 

important for the organisms as are the nutrients it will oxidize to generate energy. Therefore, the availability of oxygen 

can alter metabolic regulation, leading to an up-regulation of the expression of many genes responsible for oxygen 
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transport and energy metabolism. The process of formation of new blood vessels by angiogenesis is also stimulated, so 

that regions of tissue that are not receiving enough oxygen become better perfused. The molecular mechanisms by which 

this is achieved involve an important transcription factor that is activated when oxygen availability is low, known as 

hypoxia-inducible factor-1 or HIF-1.  

 

 

3. Oxygen transport  

The maintenance of an adequate supply of oxygen requires the coordinated operation of the three major systems involved 

in oxygen transport: cardiovascular system, respiratory system and blood. About 40-45% of blood volume is occupied by 

red blood cells, which carry oxygen mainly bound to hemoglobin. This protein is composed of four subunits, each with a 

heme group (porphyrin ring with iron atoms) plus a globin chain. Usually, the iron is in the redox state (II) and can 

reversibly bind oxygen. When the iron atom in the heme group loses an electron becomes oxidized and its valence state 

changes from ferrous (II) to ferric (III), a state that will not bind oxygen. A hemoglobin molecule has four binding sites, 

thus can bind four oxygen molecules. It can be calculated that each gram of hemoglobin can carry 1.39 ml of oxygen, 

that is, in 100 ml blood there is 15 g of hemoglobin and thus 20.1 ml of oxygen. A curve representing the equilibrium 

binding of O2 to blood is known as the oxygen saturation curve, a sigmoidal curve which expresses the relation between 

oxygen partial pressure (pO2) and the oxygen bound (Pittman 2016).  

 

 Tissue diffusion 

Blood circulation transports oxygen, which is progressively consumed as it passes through different organs producing a 

physiological distribution of oxygen in the tissues. At sea level, 1 atmosphere (pressure unit) is equivalent to 760 mm of 

mercury (mmHg), and oxygen is 21% of dry air. Hence, the oxygen partial pressure (pO2) of inspired air is around 160 

mmHg at sea level. This drops progressively first in the lungs (in part due to water vapor and diffusion), then in the blood 

flowing from the alveolar capillaries that carry the oxygen (pO2 of 104 mmHg), towards organs and tissues for their 

oxygenation (Figure 3). Finally, a further drop in the pO2 is observed in the venous system, at a pO2 of around 40 mmHg. 

Figure 2. Metabolic pathway. Long-term regulatory mechanisms of cellular metabolism occur at multiple levels, from 
the gene encoding different enzyme isoforms, followed by the transcriptional level that selects which genes are 
activated. Subsequently, alternative splicing, mRNA stability, translation, and protein degradation control enzyme 
abundances. Adapted from: Wegner et al. 2015 
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This “normal” tissue pO2 can be considered as “hypoxic” from a molecular standpoint (Brahimi-Horn and Pouysségur 2007; 

Carreau et al. 2011). Oxygen availability is often a limiting factor for cell survival, and it is generally supplied to a cell 

by passive diffusion. For example, CO2 is 24 times more soluble than O2 in water. Thus, the rate of CO2 diffusion, given a 

diffusion coefficient of 0.85, is 20 times as rapid as that for O2 given the same partial pressure difference. Therefore, 

differences in diffusion through the liquid phase are determined primarily by the solubility coefficient. A deep study on 

the characteristics of the lungs leads to the conclusion that the exchange of most gases is limited by blood perfusion into 

the tissues. Hence, increasing blood flow will increase the delivery of oxygen into the tissues (Pittman 2016).  

 

 

 

 Oxygen deficiency states 

The primary function of the cardiorespiratory system is to ensure the oxygenation of tissues and organs in any 

physiopathological condition. The respiratory system is design to provide well-oxygenated arterial blood, then the oxygen 

delivery is set mainly by the arterioles, and the capillaries determine the exchange of oxygen between the blood and 

tissue. In normal conditions, the oxygen delivery is 14 ml/kg/min, of those, the 25% oxygen is exchanged between blood 

and tissue, and the oxygen consumption 3.5 ml/kg/min. Changes in oxygen transport typically lead to hypoxic tissue 

environments. From a physiological point of view, the types of hypoxia could be classified according to the origin in 

cardiovascular, respiratory, blood or tissue defects (Pittman 2016).  

 

3.2.1. Hypoperfusion 

Stagnant hypoxia refers to situations where blood flow is extremely low, therefore the problem is in the cardiovascular 

system. This defect can be local, as ischemic perfusion, or systemic, i.e. reduced cardiac output. For example, during 

obesity, adipose tissue (AT) experiences a certain grade of hypoxia due to an impaired perfusion (Goossens and Blaak 

2012). Also, the inner part of a tumor (Papandreou et al. 2006; Carreau et al. 2011; Chung et al. 2010) and acute 

myocardial infarction (Semenza 2000; Semenza 2014a) evidences a perfusion deficit.  

 

Figure 3. Schematic illustration of human organ and tissue circulation and oxygenation. Normal values of blood flow 
distribution between organs at rest (percentage of cardiac output) and the partial pressure of oxygen (mmHg or
equivalent percentage of total oxygen in the air). Adapted from: Frayn 2016 and Carreau et al. 2011 
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3.2.2. Hypoxemia  

The hypoxic state occurs when inspired pO2 is lower than normal (i.e. at high altitude) or due to a respiratory problem 

(i.e. pulmonary edema, ventilation–perfusion mismatch, apnea) and, as a consequence, the arterial pO2 falls (Pittman 

2016). High-altitude sickness is a shared term for the syndromes affecting non-acclimated travelers shortly after ascent 

to altitudes above 2500 meters (m), but is being recognized also above 1500 m. The term encompasses cerebral syndromes 

of acute mountain sickness and high-altitude cerebral edema, and the pulmonary syndrome high-altitude pulmonary 

edema (Basnyat and Murdoch 2003). Sleep apnea-hypopnea syndrome (SAHS) can be also classified in these respiratory 

problems which present hypoxemia; SAHS is associated with hypertension, ischemia and metabolic dysfunction (Dewan 

et al. 2015).  

 

3.2.3. Anemia 

The anemic hypoxia occurs when the hemoglobin molecules, responsible for carring the oxygen through the blood to the 

tissues, are unable to bind the oxygen. This implies that fewer oxygen-binding sites are available to hold oxygen. The 

most common cause happens with decreased hematocrit. Another examples are carbon monoxide poisoning and the effect 

of nitrite use as vasodilators (Pittman 2016). The adaptive response to anemia is erythrocytosis, an abnormal increase in 

the number of circulating red cells (Semenza 2011). 

 

3.2.4. Tissue toxicity  

The reduction in ATP production due to mitochondrial defect using oxygen is called histotoxic hypoxia, and involves 

chemicals acting as poisons (cyanide, rotenone, antimycin A). Its characterized by a lower tissue oxygen consumption, 

resulting in an increased venous oxygen content. This problem generally is due to a disturbance of oxygen usage by the 

cells and not oxygen supply (Pittman 2016). 

 

4. Oxygen sensing 

Organisms need oxygen sensing mechanisms to allow a fast response to changes in pO2, thereby maintaining intracellular 

oxygen homeostasis. Oxygen sensor systems are able to sense oxygen concentrations, initiating intracellular signaling 

cascades in response to altered pO2 (Essop 2007). The chemoreceptors of central nervous system are located on the 

ventrolateral medulla, while the peripheral chemoreceptors are located in the carotid and aortic bodies. The specialized 

glomus cells in the carotid body sense even minor changes in arterial blood oxygen tensions eliciting afferent signals in 

the carotid sinus nerve (Lindahl 2008). The aortic bodies, connected to the cardiovascular centers in the brainstem, are 

responsible for the cardiovascular response to respiratory-linked chemical factors in the arterial blood. While the carotid 

bodies are not sensitive to hypoperfusion or anemia because they have high blood flow, aortic bodies are sensitive as 

their perfusion is lower. The carotid body senses the arterial pO2 falls below 50 mm Hg, giving a non-specific metabolic 

response in the central chemoreceptors that depresses ventilation, whereas the peripheral chemoreceptors stimulate 

ventilation. Hence, all of the stimulatory response to hypoxia resides in the peripheral chemoreceptors. The elevation of 

pO2 above normal (approximately 100 mmHg) generally has no effect on ventilation possibly due to the inability of the 

respiratory chemoreceptors to sense changes in pO2 above 50-60 mmHg (Pittman 2016). In addition, other stimuli such as 

plasma glucose and blood osmolality also trigger the carotid body, serving as a polymodal sensor involved in metabolic 

homeostasis (Lindahl 2008). Besides these specialized chemoreceptors, each tissue has its own oxygen sensor and 

threshold to low pO2, depending on its normal pO2 (Essop 2007).  
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 Molecular signaling  

At a cellular level, low oxygen availability is regulated by the hypoxia inducible factor 1 (HIF-1). This master regulator 

mediates the transcriptional activity of hundreds of genes involved in oxygen homeostasis within cells. It is known that 

HIF-1 binding is detected only at genes with increased expression; however, HIF-1 downregulates gene expression 

indirectly by regulating transcriptional repressors and microRNAs. HIF-1 is a heterodimer of a constitutively expressed 

HIF-1β subunit and an oxygen-regulated HIF-1α subunit. Under normoxic (normal oxygen concentration or aerobic) 

conditions, HIF-1α is hydroxylated at specific proline residues by prolyl hydroxylase domain proteins, which use oxygen 

and α-ketoglutarate as substrates and contain Fe+2 in their catalytic center. Hydroxylated HIF-1α interacts with the von 

Hippel–Lindau protein, the substrate-recognition subunit of the E3 ubiquitin-protein ligase that targets HIF-1α for 

proteasomal degradation. Under hypoxic conditions, hydroxylation is inhibited and HIF-1α remains stable. The HIF-1α 

subunit contains two transactivation domains which regulate HIF-1 target genes: the CREB-binding protein and p300, two 

transcriptional co-activators that interact with the carboxy- terminal transactivation domain of HIF-1α. Both activators 

are essential for HIF-1 transcription and are, therefore, targets in the effort to regulate HIF-1 expression; inhibition of 

HIF-1α interactions with the coactivator p300 by proline hydroxylation (factor-inhibiting HIF-1, an asparaginyl 

hydroxylase) inhibits HIF-1 gene expression, preventing normal transcription and translation. The HIF-1α and HIF-1β 

proteins both contain basic helix-loop-helix motifs that bind DNA in the hypoxia-response elements (HREs: 5’-A/GCGTG-

3’) and finally, cause subunit dimerization (Semenza 2011; Jaakkola et al. 2001; Cai et al. 2013; Ziello et al. 2007; Greer 

et al. 2012). Further complexity is generated by the existence of multiple HIF isoforms, and recently HIF-2 is getting 

more attention in hypoxia research. This protein has the same binding domain as the isoform 1, but act in a different 

manner on phenotypes upon inactivation (Mole et al. 2009). HIF-2 function is essential in modulating ventilatory sensitivity 

to hypoxia, erythropoiesis and vascularization (Hodson et al. 2016; Semenza 2011).  

Regarding the transcriptional activation, HIF-1 mediates cellular responses to hypoxia by regulating glucose uptake and 

anaerobic metabolism, mitochondrial function, angiogenesis, inflammation, proliferation and cell survival among others. 

When oxygen is available, most cells produce ATP via oxidative phosphorylation, but in hypoxic environments, there is a 

shift to anaerobic metabolism for cellular energy production. Besides increasing the expression of glycolytic enzymes, 

HIF-1 reduces mitochondrial oxygen consumption by activating pyruvate dehydrogenase kinase I and inhibiting the Krebs 

cycle (Ziello et al. 2007; Brahimi-Horn and Pouysségur 2007; Bertout et al. 2008; Mole et al. 2009). Even though, most 

studies on HIF-1 activity have been done under hypoxic stress, this transcription factor has also been found in other 

conditions, such as arthritis, diabetes and obesity. For example, ROS could lead to a stabilization of HIF-1α in a dependent 

manner under normoxia (Bonello et al. 2007; Brunelle et al. 2005). It is known that the mechanistic target of rapamycin 

(mTOR) network is a central regulator of many core metabolic processes leading to anabolic mechanisms through HIF-1α 

among others (Weichhart et al. 2015; D’Ignazio et al. 2016). Many of the stimuli that induce HIF-1 in normoxia are known 

to activate other transcription factors such as nuclear factor κB (NF-κB) (van Uden et al. 2008). The NF-κB transcription 

factor is known for its implication in immune response, especially in inflammatory processes present in cancer, muscular 

dystrophy, obesity, insulin resistance, and atherosclerosis (Baker et al. 2011; Hayden and Ghosh 2008). The NF-κB family 

of transcription factors that exists either as homo- or heterodimer and consists of five members, p50, p52, p65 (RelA), c-

Rel, and RelB, which share an N-terminal Rel homology domain responsible for DNA binding to κB sites within the 

promoters/enhancers of target genes, regulating transcriptional activity. Some dimers are more prevalent than others 

and are mainly sequestered in the inactive form in the cytoplasm, inhibited by members of the IκB (inhibitor of NF-κB). 

When the signaling cascade is activated, IκB proteins are phosphorylated, ubiquitinated and degraded through the 

proteasome, resulting in NF-κB release and translocation into the nucleus  (Hayden and Ghosh 2008; van Uden et al. 2008; 

D’Ignazio et al. 2016). Several studies demonstrated a cross-talk between the NF-κB and HIF-1 signaling pathways and 

direct targets of both transcription factors; furthermore, the NF-κB activation could lead to transactivation of HIF-1 

target genes in normoxia (van Uden et al. 2008). 
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5. Metabolic dysfunction 

The immune response triggered in metabolic disorders involves the integration of many complex signals in different cells 

and organs and is characterized by a low grade chronic inflammation usually called metaflammation, which refers to 

metabolically triggered inflammation. This condition is mainly unleashed by an excess of nutrients that favors the storage 

of energy disrupting the metabolic homeostasis. A close interaction between AT, liver, pancreatic islets, muscle and 

immune cells generates an environment for continuous and dynamic interactions between immune and metabolic 

response. This coordinated regulation of metabolic and immune responses is beneficial in certain conditions, since the 

organism need to organize and redistribute its energy resources to block anabolic signaling pathways. However, this 

network becomes detrimental in the presence of continuous nutrient overload. Currently, the nutritional and lifestyle 

habits of Western countries (also known as Occident world) strongly promotes metabolic excess and have stablished a 

worldwide problem with chronic metabolic diseases. The tissues and cells are effectors of the immune response when an 

inflammatory state is chronically stablished. In turn, responsiveness to certain inflammatory mediators (vasoactive 

amines, vasoactive peptides, complement components, lipid mediators, cytokines, chemokines and proteolytic enzymes) 

is almost ubiquitous, but these have distinct effects in different cell types. The resident macrophages constitute 10-15% 

of most tissues and could be responsible for the monitoring of the tissues mainly in host defense and removal of apoptotic 

bodies, but when tissues are under stress or dysfunction, they could activate these resident macrophages that start a 

pro-inflammatory response. Therefore, the immune response has a physiological role in restoring tissue homeostasis and 

the inability to resolve the dysfunctional state establishes the mild chronic inflammatory disease (Hotamisligil 2006; 

Medzhitov 2008).  

 

 Metabolic syndrome  

The metabolic syndrome (MetS) is a cluster of interconnected factors with a common low-grade chronic pro-inflammatory 

condition. These factors are hyperglycemia, hypertension, hypertriglyceridemia, low levels of high-density lipoprotein 

cholesterol levels (c-HDL), and central adiposity; the latter used to be measured by waist circumference (WC) and body 

mass index (BMI). Many international organizations and expert groups have defined the MetS (Table 1); nevertheless, a 

major problem with some definitions have raised in terms of their applicability to different ethnic groups, especially 

when trying to define obesity cut-offs. As a result, the prevalence of MetS varies and depends on the criteria used in 

different definitions, as well as the composition (sex, age, race and ethnicity) of the population studied. Despite this 

disagreement, there is sufficient evidence indicating that MetS is a risk factor for cardiovascular disease (CVD) and type 

2 diabetes. The MetS is highly prevalent in Western countries, more than 25% adults (Mottillo et al. 2010; Kassi et al. 

2011; Grundy et al. 2005; Alberti et al. 2009).  

Recently, other disturbances have been related to the MetS, such as respiratory disorders, liver disease, arthritis, fertility 

disorders, psychological features and cancer (Reilly and Saltiel 2017; Caterson 2004). A link between MetS and respiratory 

disorders has been observed in several studies, not only sleep apnea but also lung function impairment, pulmonary 

hypertension and asthma (Baffi et al. 2016). Sleep apnea or SAHS is characterized by recurrent episodes of apneas-

hypopneas due to the occlusion of upper airway with pharyngeal soft tissue, resulting in intermittent hypoxemia. Carotid 

body senses the lack of oxygen and activates sympathetic nervous system, clearing the airway and producing 

reoxygenation. This sequence is repeated with each apnea event, leading to oxidative stress and inflammation. In this 

sense, hypoxia-reoxygenation in SAHS contributes to ischemia-reperfusion injury (Dewan et al. 2015; Semenza 2012; 

Tasali and Van Cauter 2002; Baffi et al. 2016; Mirrakhimov and Polotsky 2012). In the general population, SAHS accounts 

for approximately 6-13% of adult population; however, this proportion is dramatically enhanced between people with 

MetS: around 60% MetS patients have SAHS (Drager et al. 2013). Another metabolic disorder closely related to MetS and 
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SAHS is non-alcoholic fatty liver disease (NAFLD), which is characterized by an accumulation of triglycerides in 

hepatocytes (Mirrakhimov and Polotsky 2012; Trzepizur et al. 2016). The severe progression of NALFD is steatohepatitis, 

which present ballooning degeneration and inflammation, and is a major cause of cirrhosis and hepatocellular carcinoma. 

The high prevalence of NAFLD, up to 30%, is associated with the MetS epidemic proportions (St. George et al. 2009; 

Devries et al. 2008; Straznicky et al. 2012). Finally, other disorders related to MetS should be mentioned. About 10% of 

all cancer deaths among non-smokers are related to obesity; concretely breast, colon, endometrium, kidney and 

esophagus cancer are associated to obesity and sedentary lifestyle (Haslam and James 2005; Caterson 2004). On the other 

hand, metabolic disorders have been associated with psychological features such as depression and neurodegenerative 

pathologies (Alzheimer's and Parkinson's diseases), due to a shared dysregulation of inflammation and oxidative stress 

(Hotamisligil 2006). 

Nevertheless, recent studies evidenced that the increased adiposity does not necessarily translate into metabolic 

abnormalities. A subgroup of obese individuals, approximately 10–34%, are metabolically healthy obese (MHO) since the 

excess in body weight is not accompanied by other metabolic disturbances. However, there is lacking information on the 

underlying mechanisms that make a difference between healthy and unhealthy obese (Blüher and Schwarz 2014).  

 

Table 1. Criteria for metabolic syndrome (MetS) definitions in adults. 

 
ATPIII  

(2001) 

AHA/NHLBI  

(2004) 

IDF  

(2005) 

IDF-AHA/NHLBI  

(2009)   

CRITERIA REQUIRED  Any ≥ 3 of: Any ≥ 3 of: WC mandatory: 

≥94 cm (men)  

≥80 cm (women) 

plus ≥ 2 of: 

Any ≥ 3 of: 

Waist circumference  
≥102 cm (men)  

≥88 cm (women)  

≥102 cm (men)  

≥88 cm (women) 

≥94 cm (men) * 

≥80 cm (women) * 

High-density 

lipoprotein  

<40 mg/dl (men)  

< 50 mg/dl (women) 

<40 mg/dl (men)  

< 50 mg/dl (women) 

<40 mg/dl (men)  

< 50 mg/dl (women) 

<40 mg/dl (men)  

< 50 mg/dl (women) 

Triglycerides ≥150 mg/dl ≥150 mg/dl ≥150 mg/dl ≥150 mg/dl 

Blood pressure ≥130/85 mmHg  ≥130/85 mmHg   ≥130/85 mmHg ≥130/85 mmHg 

Blood glucose ≥110 mg/dl ‡ ≥100 mg/dl ≥100 mg/dl ≥100 mg/dl 

 

ATP III: Adult Treatment Panel III; AHA/NHLBI: American Heart Association/National Heart, Lung, and Blood Institute; 
IDF: International Diabetes Federation; IDF-AHA/NHLBI: Harmonized definition of IDF and AHA/NHLBI. Waist 
circumference (WC) according to population and country-specific definitions, this values for Caucasian population. Any 
criterion is also met when there is a drug treatment specific for reducing the clinical condition. ‡ ATPIII has changed the 
cut-off for blood glucose in 2003 by matching with harmonized definition. Source: Kassi et al. 2011 
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5.1.1. Obesity  

The worldwide epidemic of obesity represents one of the greatest threats to global human health; world data on 2016 

indicate that over 650 million adults are obese (13% world population), and over 1,300 million are overweight (39%). 

Moreover, the obesity epidemic is now also affecting children and adolescents, as the prevalence of childhood overweight 

and obesity is over 18% (5-19 years old) (Abarca-Gómez et al. 2017). The complex physiopathological processes reflect 

environmental and genetic interactions, since not all individuals exposed to an environmental factor develop the same 

grade of obesity. The mutual gene-environmental interactions result in multi-factorial obese phenotypes. The main 

feature of obesity is the excessive accumulation of fat in adipocytes as a result of a positive energy balance associated 

with overnutrition and sedentarism. The AT, as an endocrine organ, is responsible for the production of many molecules 

with systemic effects. For example, the proteins secreted by the AT (or adipokines), are involved in many different 

physiological and pathological functions: classical cytokines as tumor necrosis factor alpha (TNF-α), interleukin 1β (IL-1β) 

and interleukin 6 (IL-6), proteins involved in vascular hemostasis and angiogenesis like plasminogen activator inhibitor 1 

(PAI-1), in glucose homeostasis as adiponectin (ADIPOQ) and in immune cell recruitment as monocyte chemotactic protein 

1 (MCP-1), among others. At the tissue level, obesity is characterized by a mild chronic inflammatory state. The immune 

cells present in the AT receive stress signals from the adipocytes, which are unable to store all the nutrients provided in 

overnutrition state. Some chemotactic molecules are involved in the recruitment of immune cells (MCP-1) while others 

are able to differentiate macrophages to the M1 phenotype (IL-6, TNF-α), generally considered pro-inflammatory 

(Hotamisligil 2006; Gregor and Hotamisligil 2011; Osborn and Olefsky 2012; Baker et al. 2011; Reilly and Saltiel 2017). 

Several signaling pathways have been proposed to understand the initial cause of the inflammatory processes during 

obesity including oxidative stress, AT hypoxia, and endoplasmic reticulum (ER) stress (Figure 4) (Reilly and Saltiel 2017; 

Osborn and Olefsky 2012; González-Muniesa et al. 2016).  

Figure 4. Proposed triggering factors in the progression of metaflammation on adipose tissue. The lean adipose tissue 
is well oxygenated, releases low amount of pro-inflammatory cytokines and, as a result, the number of macrophages 
within the tissue is marginal. The harmful stimuli (oxidative, endoplasmic reticulum and hypoxia stresses) tip the scale
in favor of pro-inflammatory state triggering the metaflammation, which contributes to metabolic disorders. pO2: oxygen 
partial pressure; IL-1β: Interleukin 1 beta; IL-6: Interleukin 6; TNF-α: tumor necrosis factor alpha; LEP: leptin. Adapted 
from: Gonzalez-Muniesa et al. 2015 
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The antioxidant system is responsible for managing the ROS naturally present in cells, which are involved in a number of 

physiological processes that produce desired cellular responses (including activation, cell survival, proliferation, stress 

adaptation, cell motility, vasodilation, and angiogenesis). However, large quantities of ROS can lead to cellular damage 

of lipids, membranes, proteins and DNA, contributing to the development of metabolic diseases. Oxidative stress is the 

result of the combination of both an increased ROS production and a decreased antioxidant efficiency. Some rapid 

modifications in metabolic flux can be determined by the redox state within cells; when this situation is maintained over 

time, the oxidative stress triggers mitochondrial dysfunction (Rains and Jain 2011). This impaired mitochondrial capacity 

could lead to a defect in oxygen consumption (60% lower in the AT of obese individuals), regulated by the AT blood flow, 

similarly lower in obese subjects (40% reduction). Notwithstanding the lower perfusion, a higher AT pO2 (9% increase) was 

found in the obese subjects (Goossens and Blaak 2012). Furthermore, the inability to preserve the tissue perfusion might 

be related to the hyperplasia and hypertrophy of the AT. On the other hand, the AT pO2 was found to be lower in obese 

rodents (6% in lean vs. 2% in obese mice) (Goossens 2017; Trayhurn et al. 2009). Concretely, obese AT immunostaining 

with pimonidazole (a chemical marker of hypoxia) revealed a co-localization of hypoxic regions with infiltrated 

macrophages (Reilly and Saltiel 2017). The lowered oxygen consumption in obese AT leads to a metabolic switch from 

aerobic to anaerobic metabolism. But the range of metabolic changes resulting from low oxygen availability in AT extends 

well beyond the augmentation of glycolysis. Data from microarray studies have shown that over 1,000 genes are hypoxia-

sensitive in human adipocytes (Trayhurn 2017; Trayhurn 2014). Moreover, many characteristics of metabolic disease (free 

fatty acids, hypoxia, high glucose) that are known to induce inflammatory signaling could also induce ER stress (Reilly 

and Saltiel 2017; Gregor and Hotamisligil 2011). Likewise, many characteristics of metabolic disease (free fatty acids, 

hypoxia, high glucose) that are known to induce inflammatory signaling could also induce ER stress. The ER stress and 

downstream activation of the molecular pathways managing the unfolded protein response seem to be closely related to 

inflammation, as it was suggested, a conserved mechanism whereby ER stress is intimately connected with host-cell 

defense (Gregor and Hotamisligil 2011; Reilly and Saltiel 2017). If proper ER function cannot be achieved or if the stress 

continues, the unfolded protein response may also initiate apoptotic pathways. ER stress can trigger autophagy, an 

essential homeostatic process whereby the cell breaks down its own components to help maintain a balance between the 

synthesis, degradation and subsequent recycling of cellular products. Recent reports have shown that the failure of 

autophagy-dependent control of immune-cell homeostasis can contribute to inflammation and insulin resistance (Osborn 

and Olefsky 2012).   

 

5.1.2. Cardiovascular disease 

The Global Burden of Disease study 2015 estimated 422.7 million cases of CVD, being the most common cause of death 

worldwide, nearly 18 million people died from CVD (31% global deaths) (Roth et al. 2017). Coronary artery disease and 

cerebrovascular disease are the most common forms of CVD. The underlying pathological process of CVD is atherosclerosis: 

a chronic inflammatory disorder that progressively accumulates cholesterol in the large and medium-sized arteries, that 

becomes clinically manifest when it causes thrombosis. This progression initiates with the endothelial activation and 

inflammation, that is presumably originated by the high circulating levels of low-density lipoprotein cholesterol (c-LDL) 

which accumulate in the intima (the inner layer of the artery). This c-LDL particles are prone to be oxidized by enzymatic 

attack of myeloperoxidases, lipoxygenases and ROS, a key factor in early atherogenesis. The accumulation of oxidized 

c-LDL also drives to recruit immune cells, which increase the pro-inflammatory response and provoke the formation of a 

fibrous cap and over time this atherosclerotic plaque becomes a more complex lesion with a necrotic core, covered by a 

fibrotic layer. The plaque growth contributes to lumen stenosis and ischemia, which activates hypoxia signaling. 

Moreover, thrombosis could be produced by a plaque rupture, and this material may block the lumen or become an 

embolus that clots in a distal point. The atherosclerosis can be explained molecularly in similar terms as obesity as both 
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involve the pro-inflammatory process, oxidative stress and hypoxia pathways among others. In endothelial cells, the 

activation of NF-κB induces the transcription of cell adhesion proteins such as intracellular cell adhesion molecule 1 

(ICAM-1) and vascular cell adhesion molecule 1 (VCAM-1), chemokines and cytokines including IL-1β, IL-6, and TNF-α, 

involved in the atherogenic process. The prolonged pro-inflammatory cytokine production lead to the generation of ROS 

and other oxidative stress molecules. The ER stress, also present in CVD, occurs in endothelial cells as a result of an 

excessive protein synthesis demands and is aggravated by increased ROS and hyperlipidemia. (Hopkins 2013; Hansson and 

Hermansson 2011).  

 

5.1.3. Diabetes 

The number of people with type 2 diabetes worldwide in 2015 was more than 350 million people, and its projected to 

rise to 439 million by 2030 (approximately 8% of the total adult population). Diabetes is a chronic degenerative disease, 

which results in long-term complications affecting the eyes, kidneys and nervous system, and its also known to increase 

the risk of CVD and some types of cancer (Nathan 2015; Chen et al. 2012). Insulin released in response to pancreatic β-

cell stimulation mediates uptake of glucose, aminoacids, and fatty acids by insulin-sensitive tissues. In turn, these tissues 

send information to islet cells about their need for insulin.  Diabetes is characterized by an insulin resistance, a 

pathological condition in which insulin becomes less effective at lowering blood glucose levels. If insulin resistance is 

present, β-cells increase insulin output to maintain normal glucose tolerance. However, if β-cells are incapable of this 

task, plasma concentrations of glucose increase.  The pro-inflammatory cytokines produced by metabolically impaired 

tissues, such as liver and AT, may promote insulin resistance in the tissues where they are produced or in distant tissues 

and organs, e.g. vessel walls, skeletal and cardiac muscle, kidneys and circulating blood cells. Several cell stressors 

(including glucose) lead to ROS generation. It is known that β-cells have very low antioxidant systems, and are therefore 

particularly vulnerable to oxidative stress, which is central in the development of insulin resistance. In response, β‑cells 

increase insulin production dramatically, and could generate ER stress (Kahn et al. 2014; Donath and Shoelson 2011; Rains 

and Jain 2011). Skeletal muscle is the largest insulin-sensitive organ in humans; therefore, insulin resistance in this tissue 

has a major impact on glucose homeostasis of the body. Impaired mitochondrial function might contribute to insulin 

resistance via altered metabolism of fatty acids, which, in turn, may lead to ROS generation (Patti and Corvera 2010). 

Moreover, AT hypoxia in obesity may lead to marked insulin resistance through multiple routes. For instance, alterations 

in the production of adipokines linked to insulin sensitivity such as adiponectin (markedly reduced under hypoxia) could 

drive to insulin resistance in AT. Likewise, lactate release is increased under hypoxic conditions, and could lead to induce 

insulin resistance in skeletal muscle (Trayhurn 2013; Trayhurn 2014). 

 

 Therapeutic approaches 

Regarding the clinical management of the MetS, the primary goal is to reduce the risks factor comprising the syndrome. 

Clinicians first emphasis is the mitigation of underlying modifiable factors (diet, habits, physical activity) through lifestyle 

changes. These low-risk treatments are based on lifestyle changes such as dietary changes and exercise to produce an 

energy deficit as the first-line choice. When this approach is not enough, drug therapy could be considered in order to 

maintain the cardiovascular and diabetes risk as lower as possible. The organizations defining MetS have also made 

specific guidelines for the management of each risk factor in order to prevent or delay onset of type 2 diabetes and CVD 

(Grundy et al. 2005). Concerning obesity, surgical treatment is only recommended for those patients with morbid obesity 

or obese with severe comorbidities, as it has some collateral effects as well as benefits. (Saltiel 2016; González-Muniesa 

et al. 2017). Regarding diabetes, the increased complexity of type 2 diabetes care has prompted the development of 

guidelines to help primary care clinicians. Although substantial emphasis has been placed recently on individualization of 
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drug therapy along with changes in lifestyles, there is limited information to guide the choice of drugs. Hence, the vast 

majority of patients with type 2 diabetes are treated as if they have the same underlying pathophysiology, despite it is 

known that type 2 diabetes is heterogeneous, it changes over time, and has inconsistent patient responses to different 

medications (Nathan 2015; Kahn et al. 2006). Finally, CVD main risk factors are hypertension, smoking, diabetes and 

hyperlipidemia. The latter accounts for over half age-independent risks and, therefore, a drug therapy together with 

changes in lifestyles is desired (Hajhosseiny et al. 2014).  

Due to the side effects of drug therapies and the risks derived from the surgical treatments, there has been a growing 

interest in developing new therapeutic approaches for metabolic diseases. In this sense, new strategies applying genetic 

data (pharmacogenetics and nutrigenetics), antibodies or vaccines against mediators (ghrelin, IL-6, IL-1, IL-1β), bioactive 

compounds, gene therapy, RNA interference technologies and oxygen therapy (Donath and Shoelson 2011; González-

Muniesa et al. 2017; González-Muniesa et al. 2016; Czech et al. 2011; Mateika et al. 2015). Indeed, oxygen-related 

therapies include a wide-variety of approaches, such as the intermittent hypoxia (IH) and chronic hypobaric hypoxia 

(altitude), hyperoxia exposure and oxygen delivery strategies.  

 

5.2.1. Intermittent hypoxia 

Although the detrimental effects of severe IH on a variety of physiological outcomes have been established, there are a 

number of intervention studies that employ IH due to some beneficial outcomes as a result of body adaptation. The 

protocols of IH commonly used in experimental research normally refer to normobaric hypoxia in cycles along time. 

However, the protocols vary in terms of the severity of hypoxia, duration of episodes, the number of 

hypoxia/reoxygenation cycles, the pattern in time and cumulative duration of exposure. Generally speaking, the IH 

protocols considered that meet beneficial outcomes are defined by episodes of mild hypoxia (10–14% oxygen) that are 

short in duration (15 seconds to 4 minutes), small in number (around 10 episodes), and have a short length of exposure 

(up to 1 hour), although these milder protocols may also have some inherent risks (Mateika et al. 2015).  

Several beneficial metabolic responses to IH were reported including reduced body weight, cholesterol, glycemia and 

insulin resistance. IH protocols have been used as a treatment of different pathologies such as respiratory disorders, CVD, 

inflammation and neurodegeneration. These effects could be attributed to increased satiety, glucose uptake and 

glycolysis, as well as reduced cholesterol synthesis (Navarrete-Opazo and Mitchell 2014). Moreover, IH could improve 

cardiometabolic risk by reducing blood pressure via ROS production, that are able to produce an endothelium relaxation 

and adaptive responses for nitric oxide production. In SAHS patients hypoglossal nerve activity could be a therapeutic 

target, as this nerve is responsible for a decrease in pharyngeal dilator muscle tone and ultimately the collapse in apnea 

episodes; it has been suggested that IH could benefit SAHS patients through the reduction in hypoglossal activity. Finally, 

IH could have a neuroprotective effect via increased angiogenesis, ROS-dependent endothelial adaptation as well as 

ischemia-preconditioning (Mateika et al. 2015). Another way to benefit from hypoxic stimulus without undergoing the 

detrimental effects of a prolonged exposure to hypoxia is IH training, which consists of physical activity under hypoxic 

conditions (for short periods) remaining at normoxic conditions for the rest of the time. This method induces specific 

molecular adaptations at muscular level that do not occur in normoxic conditions. Regarding the exercise, the most 

effective treatment to improve health parameters as well as body composition appears to be strength training or strength 

training combined with aerobic endurance training, which seem to improve both health biomarkers and to reduce fat 

content. This method is currently used by high-performance athletes (Urdampilleta et al. 2012).  
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5.2.2. Hypobaric hypoxia  

Environmental hypobaric hypoxia usually refers to high altitude. Every 300 meters climbed the pO2 is reduced by 1%, but 

the increasing elevation also implies lower pressure, humidity and temperature (West 2002). Studies of short-term 

exposure to environmental altitude or simulated with hypobaric hypoxia suggested a positive effect on insulin sensitivity 

and appetite reduction. Thus, acute effects seem to be similar to those of normobaric IH. Chronic exposures to altitude 

include increased cardiovascular and respiratory efficiency despite lower oxygen availability. Moreover, several 

observational studies described that permanent highlanders had lower levels of c-LDL, higher c-HDL levels, better fasting 

glucose levels and less obesity rates than sea level residents. Despite some studies reported less ischemic heart disease, 

inconclusive data about blood pressure were detected, but the evidence seems to support lower blood pressures in 

subjects who reside at altitude (Hirschler 2016; Anderson and Honigman 2011; Palmer and Clegg 2014). It is also possible 

that other factors such as polymorphisms for high altitude adaptation were involved in this effect, at least in Andean, 

Ethiopian and Tibetan highlanders (Huerta-Sánchez et al. 2013; Bigham et al. 2013; Valverde et al. 2015).  

 

5.2.3. Hyperoxia 

Oxygen therapy is currently used in clinical practice for the treatment of various diseases such as chronic obstructive 

pulmonary disease, management of ulcers in diabetic patients and cerebral ischemia. There are two different hyperoxia 

treatments depending on the pressure: hyperbaric oxygen therapy (HBOT) and normobaric oxygen therapy (NBOT). The 

administration of 100% oxygen at normal pressure (1 atmosphere) or NBOT is indicated to any state which produces 

hypoxemia, in order to recover blood oxygen levels. HBOT corresponds to 100% oxygen with 1.4 atmosphere of pressure 

and its already approved by the Food and Drug Administration (FDA) for medical use in specific situations: Air or gas 

embolism, carbon monoxide poisoning, gas gangrene, crush injury, decompression sickness, arterial insufficiency, severe 

anemia, intracranial abscess, necrotizing infections, osteomyelitis delayed radiation injury, compromised grafts and 

flaps, acute thermal burn injury and idiopathic sudden sensorineural hearing loss. Hyperoxia is used as a therapy because 

it increases the pO2 with the subsequent increased oxygenation in tissues and organs. However, an excess of high oxygen 

exposure in time or concentration may lead to harmful effects. Moreover, recent research has shown that oxygen therapy 

could improve other conditions such as wound healing, stroke recovery, traumatic brain injury, retrieval of surgical-

related loss of cognitive function and migraine treatment. Studies on hyperoxia treatment have provided evidence for an 

analogous beneficial effect to that found under acute hypoxia exposure on weight loss, glucose homeostasis and AT 

inflammation (Calzia et al. 2010; González-Muniesa et al. 2016). 

 

5.2.4. Nanoparticle oxygen delivery 

Materials at the nanoscale size are generally up to 100 nm in at least one dimension, a non-arbitrary threshold with 

physicochemical significance that makes a critical difference in their properties with respect to larger structures. In 

addition to size, the nanomaterial shape, elemental constitution and surface morphology deeply influence its reactivity. 

Nanomaterials offer unique characteristics that confer them a great appeal for many types of applications, including 

catalysis, electrical conductance and many other industrial applications, and as a consequence the field of 

nanotechnology is rapidly expanding. The use of nanomaterials include also nanomedicine, which is primarily aimed at 

overcoming such problems, providing nanosized solid structures that can target the drug to the desired body district, at 

the same time protecting, retaining, and masking the drug until the correct final destination is reached. The 

administration of nano-structured particles has shown a therapeutic potential in nanomedicine due to a better distribution 

and cellular uptake than other drugs, and the trans-excitation reactions that make them able to take part in redox 

reactions.  (Caputo et al. 2014; Yokel et al. 2012; Sack et al. 2014). The cerium oxide nanoparticles (CeO2 NPs) are one 



INTRODUCTION 

17 
 

of the most promising nanomaterials for antioxidant and anti-inflammatory pharmacological applications as they have 

been proposed for diverse therapies in pathological conditions such as neurodegenerative disorders, oxidative stress-

related diseases, diabetes, chronic inflammation and cancer among others (Caputo et al. 2014; Xu and Qu 2014; Hirst et 

al. 2009; Charbgoo et al. 2017). The therapeutic potential is attributed first to the coexistence of two valence states 

(Ce3+ and Ce4+) that provides the ability to mimic superoxide dismutase, behaving as efficient ROS scavengers (Ce3+ to 

Ce4+) and changing to mimic catalase activity, that reduces hydrogen peroxide releasing protons and O2 (Ce4+ to the initial 

Ce+3). Thus, this self-regenerative property renders this nanomaterial a very valuable tool for pharmacological treatment 

of oxidative-related disorders. Despite the large amount of studies reporting beneficial effects of CeO2 NPs, there is also 

research supporting toxic and pro-inflammatory effects, hence the health effects of nanoceria is still inconclusive, as 

several studies obtained contradictory findings about its biological activity (Xu and Qu 2014; Caputo et al. 2014).  
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1. Hypotheses 

Based on the available evidence, in this study it was theorized that the oxygen availability has a key role in obesity and 

related comorbidities. In this sense, we first hypothesized that IH training could improve both body weight loss and 

biochemical markers, and that low oxygen consumption is related to higher systemic inflammation. Secondly, we had 

stated that living at moderate or high altitudes decreases the risk of metabolic syndrome and its individual components.  

For the in vitro studies, we hypothesized that a pro-inflammatory medium from LPS-activated macrophages initiates “per 

se” the HIF-1a cascade in adipocytes. Finally, we proposed that the treatment of metabolism-related cell types with 

cerium oxide nanoparticles could be an effective oxygen therapy. 

 

 

2. General objective  

To investigate the implication of oxygen on metabolic disorders in vivo and in vitro. 

  

 Specific objectives 

1. To analyze the potential metabolic benefits for obese subjects with SAHS of exercising under intermittent 

hypoxic conditions following a healthy dietary pattern (Chapter 1).  

2. To study the influence of resting oxygen consumption on global and gene promoter DNA methylation and 

protein secretion of inflammatory markers in PBC from obese subjects with SAHS (Chapter 2). 

3. To evaluate the longitudinal long-term association between altitude of residence and incidence of MetS in 

a prospective cohort in a Spanish population (Chapter 3). 

4. To determine whether geographical elevation is inversely associated with MetS and its individual 

components in an Ecuadorian population (Chapter 4) 

5. To characterize the effect of conditioned medium from LPS-activated macrophages on the regulation of HIF-

1α-related genes in murine adipocytes (Chapter 5). 

6. To assess the effects of cerium oxide nanoparticles on inflammation and hypoxia induced by conditioned 

medium in different metabolic cell types (Chapter 6).  
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The experimental procedure used in this work is described in the materials and methods of each article, which in turn 

corresponds to each chapter. This section describes the study design and the data analyses. The materials and laboratory 

techniques used in this thesis are briefly mentioned with their respective equipment. 

 

1. Intermittent hypoxia and exercise intervention (Chapter 1) 

A total of 49 male adults aged between 25 and 50 years old with obesity (BMI from 30 to 40 Kg/m2) and SAHS (Apnea-

Hypopnea Index greater than 15 events/hour), selected from the Sleep Disorders Unit (Hospital Txagorritxu, University 

of the Basque Country, Vitoria, Álava, Spain) were randomized in three groups of study (Figure 5).  

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Experimental design (Chapter 1). FiO2: inspired oxygen fraction; SaO2: oxygen saturation; PA: physical activity, 
ELISA: enzyme-linked-immunosorbent assay. * First two weeks 16.7% of O2; Last 6 weeks 13.7%- 14.8% of O2.  

 

Study protocol: Hypoxic conditions were generated with the Hypoxicator Everest Summit II. 

Anthropometry: BMI, body weight, body fat mass, fat-free mass and water were evaluated using a bioimpedance scale. 

Skinfolds were measured with Holtain caliper, waist and hip circumferences with anthropometric tape.  

Dietary information: 24-hour questionnaires analyzed with the DIAL software. 

Exercise test: Training sessions monitoring heart rate and blood oxygen saturation using the B-50DL pulse oximeter and a 

polar heart rate monitor. Blood pressure was assessed with an automatic DS-45 Welch Allyn sphygmomanometer. 

Biochemical parameters: Routine markers as glucose, uric acid, total cholesterol, c-HDL, TG, bilirubin and transaminases 

were measured in an autoanalyzer Architect c16000. Commercial ELISA kits were used for serum insulin, leptin, 

adiponectin and C-Reactive Protein (CRP). 

Statistical analyses: Statistical significance was assessed through repeated measures analysis of variance (RM-ANOVA), 

assumed followed by post hoc LSD test (homogeneous variances) and Brown-Forsythe test, followed by Tamhane’s post 

hoc test (not homogeneous variances). Pearson’s r partial correlation was used to evaluate the associations. The SPSS 

15.1 software for Windows (SPSS Inc., Chicago, USA) was used for all statistical analyses. 
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2. Oxygen consumption and methylation transversal study (Chapter 2) 

This cross-sectional study includes patients with obesity and SAHS recruited for the intervention study in Chapter 1, with 

the same inclusion criteria described in the corresponding article (Results section): age 25-50 years, BMI 30-40 kg/m2 

and AHI higher than 15 events per hour (Figure 6). Anthropometric, hemodynamic and biochemical parameters were 

evaluated as described in the previous chapter.  

 

 

 

 

 

 

 

 

 

 

Figure 6. Experimental design (Chapter 2). MET: metabolic equivalent; LINE1: long interspersed nucleotide element 1; 
SERPINE1: serpin peptidase inhibitor, clade E member 1; TNF: tumour necrosis factor; IL6: interleukin 6. CpGs: cytosine 
phosphate guanine; ELISA: enzyme-linked-immunosorbent assay; HRM: high resolution melting. 

 

Serum proteins: Serum insulin, leptin, adiponectin, C-reactive protein, IL-6, VEGF, ICAM-1 and VCAM-1 were measured 

by ELISA commercial kits. 

Bioinformatics: IL6, LINE1, SERPINE1, and TNF human genes were analyzed for CpG islands in the promoter region and 

first exon of each gene using MethPrimer. A CpG island was defined as a DNA sequence of 100 bp with a calculated 

percentage of CpGs >50% and an observed versus expected CpG distribution >0.6. The transcription factors highly probable 

to bind upstream (false discovery rate: <0.1; normalized log-odds: >0.9) were searched with MotifMap program. Finally, 

those that could be related to obesity and metabolic disturbances were selected.  

DNA methylation: Whole-blood DNA was extracted using the Master Pure DNA Purification Kit for Blood v.II kit. Double-

stranded DNA was marked with a PicoGreen dye and quantified with a Fluoroskan Ascent FL microplate fluorometer. 

Bisulfite conversion of cytosine (but not 5-methyl-cytosine) to uracil was completed using EpiTect Fast DNA Bisulfite Kit 

200, leading to changes in melting temperature that enables to differentiate unmethylated cytosines from 5-methyl-

cytosine when a high-resolution melting (HRM) assay is performed. The melting temperatures were analyzed in a 7900HT 

Fast Real-Time PCR System with the specific reagent MeltDoctor™ HRM Master Mix, and included a standard curve 

prepared to calculate DNA methylation percentages using 0% Methylated DNA from Human Placental and 100% Methylated 

DNA from Cells-to-CpG Methylated gDNA control kit as references.  

Statistical analyses: Statistical significance was assessed through analysis of covariance (ANCOVA), except for unadjusted 

comparisons conducted through t test. Pearson’s r correlations were used to evaluate associations. Multivariable linear 

regression was used to predict the relationship between two variables. The Stata 12.0 software (Stata, College Station, 

TX, USA) was used for all statistical analyses. 

Gene Primer sequences 
Screened CpGs/ 
amplicon length 

 

LINE1 
F- GCGAGGTATTGTTTTATTTGGGA 

8    / 141 bp 
 

R- CGCCGTTTCTTAAACC  

SERPINE1 
F- TGTGTTTGGTTGTAGGGTTAAGA 

7    / 151 bp 
 

R- TTACTTTTCTCCTACCTAAAATTCTCA  

IL6 
F- TTATGTAGGAAAGAGAATTTGGTTTAG 

5    / 181 bp 
 

R- AAAAAATAAAATCATCCATTCTTCAC  

TNF 
F- TTTTGGAAAGGATATTATGAGTATTGA 

4    / 99 bp 
 

R- CTAAAACCCTAAAACCCCCCTAT  
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3. Altitude and metabolic syndrome longitudinal study (Chapter 3) 

The SUN project (Seguimiento Universidad de Navarra, University of Navarra Follow-up) is a prospective, dynamic, 

multipurpose cohort study conducted in Spain with university graduates. Briefly, using biennial mailed questionnaires 

participants have been continually followed-up since December 1999. For the present study, a subsample of the cohort 

was selected for the final analysis with a total of 6,860 healthy participants over 25 years old that had answered the 

postal code in the baseline questionnaire (Figure 7).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Experimental design (Chapter 3). CVD: cardiovascular disease; m: meters; c-HDL: high-density lipoprotein 
cholesterol. 
  

Habits and lifestyles: The baseline questionnaire collected subjects’ clinical history, daily habits, lifestyle, social 

characteristics, the time of residence at the current city and self-reported anthropometric information. The postal code 

of each participant’s residence and the time they have been living in their city/village was recorded using the baseline 

questionnaire, and the altitude was imputed according to Spanish National Cartographic Institute. 

Metabolic syndrome: Self-reported information about each specific MetS criterion was collected in the 6th and 8th year 

follow-up questionnaires. A measuring tape was sent to each participant with information for measuring their own waist. 

The definitions of MetS used to calculate its incidence are described in the introduction section of the present thesis.  

Statistical analyses: : Statistical significance of participants’ characteristics was assessed with Pearson’s χ2 test of linear 

trend for categorical variables or unpaired Student’s t-test for continuous data. Cox regression models were used to 

assess the association between the tertiles of altitude level and the risk of MetS during follow-up (Hazard ratio or HR). 

Person-time of follow-up was calculated for each participant (baseline date to last follow-up questionnaire/death). For 

the cases of incident MetS, the person-time follow-up was set as the date of the follow-up questionnaire where they met 

the criteria for MetS diagnosis. The Cox model included age as the underlying time scale for all analyses. All models were 

stratified by years living in the city/village, categories of participants according to their date of entry into the cohort 

and categories of age (deciles) and fitted for multiple potential confounders. Tests for linear trends across increasing 

categories of altitude were conducted by assigning the median altitude of residence within each category and treating 

this variable as continuous. The Stata 12.0 software (Stata, College Station, TX, USA) was used for all statistical analyses. 
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4.  Altitude and prevalence of metabolic syndrome (Chapter 4) 

The present study included an Ecuadorian sample of 260 adult individuals (20 years or older), from the coast region (Sea 

level) or the Andean Altiplano (High altitude), recruited from both administrative workers of the National Police and the 

Christian Center of Integral Theotherapy (Figure 8). The inclusion criteria were men and women over 20 years old, with 

a university degree. Participants were excluded when if they were pregnant, have a BMI over 40 kg/m2 (morbid obesity), 

or are diagnosed for diabetes, cancer or cardiovascular disease.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. Experimental design (Chapter 4). M: meters. 

 

Habits and lifestyles: A Dietitian-Nutritionist collected the data in a questionnaire that includes subjects’ characteristics, 

lifestyles and anthropometric information. A Harpenden anthropometric commercial tape was used by the dietitian-

nutritionist to measure the waist circumference. The total energy consumption was calculated in Easy-Diet software 

through a dietary recall of 24 hours of a representative day of the week. The postal code of each participant’s residence 

and the time they have been living in their city/village was recorded using the baseline questionnaire, and the altitude 

was imputed according to the Ecuadoran Geophysical Institute of the National Polytechnic School. 

Metabolic syndrome: Self-reported information about each specific MetS criterion was collected in the questionnaire. 

The Harmonized definition of MetS (IDF-AHA/NHLBI) was used to calculate the prevalence of each MetS component and 

the MetS itself, as described in the introduction section of the present thesis.  

Statistical analyses: Statistical significance of participants’ characteristics was assessed with Pearson’s χ2 test of linear 

trend for categorical variables or unpaired Student’s t-test for continuous data. The assessment of the association 

between altitude level and the prevalence of MetS and its individual components was estimated by the logistic regression 

method (Odds ratio or OR). As internal validation, the risk of developing MetS living at high altitude was tested through 

re-sampling techniques (1,000 bootstrap samples) to derive adjusted OR. Multivariate linear regression model was used 

to predict the relationship between the altitude of residence and the summation of MetS components (MetS score: 0-5 

points), and β-regression coefficients were estimated. The differences between groups were assessed through ANCOVA. 

The Stata 12.0 software (Stata, College Station, TX, USA) was used for all statistical analyses.  
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5. Conditioned medium in vitro model (Chapter 5) 

Mouse 3T3-L1 preadipocytes and RAW 264.7 macrophages were cultured and maintained in DMEM with 25 mM glucose, 

supplemented with 10% heat-inactivated bovine serum or fetal bovine serum, respectively, and 100 U/ml penicillin-

streptomycin in a humidified atmosphere of 5% CO2 at 37 ºC in a standard incubator. At confluence, preadipocytes were 

differentiated for 48 h in complete medium (DMEM containing 25 mM glucose, 10% fetal bovine serum, and antibiotics), 

and supplemented with dexamethasone (1 μM), isobutylmethylxantine (0.5 mM), and insulin (10 μg/ml). After that, the 

media were replaced with complete medium and insulin for 48 h. Then, four days post-confluence the media were 

replaced with complete medium and changed every 2 days until day 9 post-confluence, when cells acquired the 

morphology and typical features of mature adipocytes. To generate a pro-inflammatory environment in vitro, RAW 264.7 

macrophages were incubated with LPS at 500 ng/ml to promote macrophage activation. Mouse 3T3-L1 adipocytes (9 days 

post-differentiation) were exposed to LPS at 500 ng/ml, hypoxia (Hx; 1% O2) and CM from previously LPS-activated 

macrophages at 25% in complete medium. Both cell types also had a non-treated control group. LPS and Hx groups were 

considered positive controls for inflammation and hypoxic environment, respectively. The CM was used to simulate the 

macrophage infiltration, as it has been previously linked to inflammation, macrophage infiltration and lipid accumulation. 

Seven-week-old male mice (C57BL/6J background) were fed 2 different diets ad libitum for 3 months: a standard diet (n 

= 5) and a high-fat diet (HFD, 60% fat) to cause a Diet-Induced Obesity (DIO) (n = 5). The experimenntal design and 

thechniques used are shown in Figure 9. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. Experimental design (Chapter 5). LPS: lipopolysaccharide; ELISA: enzyme-linked-immunosorbent assay; ChIP: 
Chromatin immunoprecipitation; qPCR: quantitative polymerase chain reaction.  

 

Biochemical parameters: Glucose, lactate and glycerol levels were measured from cell culture media with a PENTRA C200 

autoanalyzer. Secreted adiponectin, IL-6, MCP-1 and TNF-α and intracellular levels of the transcription factors HIF-1α 

and NF-kB pS536 were determined with commercial ELISA kits. 
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Gene expression: Samples were processed with QIAzol reagent and retro-transcribed to cDNA using High-Capacity cDNA 

Reverse Transcription Kit. The primers were designed using the Primer-Blast software. The q-PCR was performed with 

SYBR Green detection method in an ABI Prism 7900HT Fast System Sequence Detection System. The relative expression 

was determined by the efficiency−ΔΔCt method after internal normalization to 18s rRNA.  

Oxygen consumption: The mitochondrial function of CM-treated 3T3-L1 adipocytes (9 days post-differentiation) was 

determined using Seahorse Extracellular Flux 24 Analyser. During the assay, different chemicals were sequentially 

injected for oxygen consumption rate (OCR) measurement to obtain the values of the basal mitochondrial respiration, 

ATP-linked, proton leak, maximal respiratory capacity, reverse capacity and non-mitochondrial respiration.  

Chromatin Immunoprecipitation: The identification of HIF-1α-binding sites of 17 metabolism-related genes was performed 

by applying bioinformatics predictions (PROMO web version). ChIP assay was carried out in CM-treated 3T3-L1 adipocytes 

(9 days post-differentiation) using the ChIP-IT® Express Enzymatic kit and mouse monoclonal antibody to HIF-1α (Novus 

Biologicals). Real time q-PCR for DNA quantification employed SYBR Green gene expression assays in an ABI Prism 7900HT 

Fast System Sequence Detection System. Fold-enrichment at each locus was calculated using the ΔCt method.  

Gene Silencing: To optimize transfection efficiency, the BLOCK-iT Alexa Fluor Red Fluorescent Oligo control was 

transfected into adipocytes (7 days post-differentiation) using the DeliverX™ Plus siRNA Transfection Kit. Adipocytes were 

transfected with 50nM of a siRNA specific against Mtor on day 7 post-differentiation using the DeliverX™ Plus siRNA 

Transfection reagent. The Mtor siRNA is a pool of 3 target-specific 19–25 nt RNAs designed to knock-down Mtor gene 

expression. After transfection, cells were maintained in a standard incubator for 24 h. Media were changed with CM 

treatment without antibiotics for 24 h.   

Statistical analyses: Statistical significance between more than two groups was analyzed by one-way ANOVA followed by 

Tukey post hoc test for multiple comparisons, while unpaired Student’s t-test was applied for comparisons between two 

groups. For the non-parametric statistics Kruskal-Wallis test was used for more than two groups, followed by Dunn test 

for post hoc comparisons, while Mann-Whitney U test was used to compare two groups. Linear regression analyses were 

used to predict the relationship between two variables. Prism 5.0 software (Graph-Pad Software Inc., CA, US) was used 

for statistical analyses and graphs.  

 

6. Cerium oxide nanoparticles and metabolism in vitro (Chapter 6) 

The CM cell culture model from the previous chapter was applied in this chapter to test the new therapeutical approach 

with CeO2 NPs (Figure 10). Briefly, RAW 264.7 macrophages were incubated with LPS (Escherichia coli K12, InvivoGen, 

CA, US) at 500 ng/ml for 24 h to promote macrophage activation. Both adipocytes and macrophages were cultured as 

described in the previous chapter. C2C12 myocytes were cultured in growth medium (DMEM with 25mM glucose, 100 U/ml 

penicillin-streptomycin, supplemented with 10% fetal bovine serum) and maintained in a humidified atmosphere of 5% 

CO2 at 37ºC in a standard incubator. At confluence, myocytes were differentiated for 48 h with complete medium (DMEM 

containing 25 mM glucose, 2% horse serum and antibiotics), supplemented with insulin (10 μg/ml). To generate a pro-

inflammatory environment in vitro, either mouse 3T3-L1 adipocytes (9 days post-differentiation) and mouse C2C12 

myocytes (2 days post-differentiation) were exposed to CM from previously LPS-activated macrophages at 25% in complete 

medium. CeO2 NPs were diluted in ultrapure MilliQ water at a concentration of 10 mg/ml, and were characterized in 

terms of size, dispersion and surface charge. Particle surface charge was determined by Z-potential, based on the study 

of the surface charge through particle mobility in an electric field. The average particle diameter size and polydispersity 

index were analyzed by photon correlation spectroscopy. All these data were measured by laser Doppler velocimetry 

(Zetasizer Nano, Malvern Instruments, UK) using a quartz cell at 25ºC with a detection angle of 90º. At least three different 

batches were analyzed to give an average value and a standard deviation for the particle diameter, PDI and zeta potential. 

For the treatments, CeO2 NPs were diluted at a concentration of 50 μg/ml, 20 μg/ml and 10 μg/ml just before the 
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experiments with cell culture medium. The pro-inflammatory media and CeO2 NPs were added simultaneously to the cell 

cultures. All cell types also had a non-treated control group. 

 

 

 

 

 

 

Figure 10. Experimental design (Chapter 6). LPS: lipopolysaccharide; C: control; CM: Conditioned medium; ROS: 
reactive oxygen species; ELISA: enzyme-linked-immunosorbent assay; qPCR: quantitative polymerase chain reaction.  

 

Viability: Mitochondrial metabolic activity of cells was determined by 3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenenyl 

tetrazolium bromide (MTT) reduction assay. Cells were incubated for 2h with 0.45 mg/ml MTT dye to allow the formation 

of the dark blue formazan crystals generated by living cells. Then, the medium was removed and 100 μl of solubilization 

solution were added to dissolve the crystals. Absorbance was read with Multiskan Spectrum at 570/630 nm. 

ROS production: To determine extra- and intracellular ROS concentration, 2,7-dichlorofluorescein (DCFH) was used. 

Briefly, cells and supernatants were incubated with 1 μM DCFH for 40 min, then supernatants were loaded on a new plate 

and fluorescence measured using a POLAR star spectrofluorometer at 485/530 nm. Whereas cells were frozen for 2h 

at -80ºC and then lysed with 500 µl phosphate buffer saline, then the lysates were read following the same protocol used 

for supernatants.  

Mitochondrial content: Cells were incubated with the mitochondria-specific dye MitoTracker Green at a final 

concentration of 25 nM for 30 min prior to visualization. For fluorescence intensity quantification POLARstar Galaxy 

spectrofluorometer plate reader was used, set up to 554 nm excitation and 576 nm emission wavelengths. Fluorescent 

microscopy was performed on living cells with ZOE Fluorescent Cell Imager (Bio-Rad Laboratories, DE). 

Biochemical parameters: Glucose, lactate and glycerol were measured from supernatants after the 24h treatment with 

a PENTRA C200 autoanalyzer. Commercial ELISA kits were used for secreted IL-6, MCP-1 and TNF-α in supernatants. 

Gene expression: RNA was extracted and retro-transcribed as described in previous chapter. Real-time PCR was performed 

with the same techniques and devices as in Chapter 5. The relative expression was determined by the efficiency-ΔΔCt 

method after internal normalization to Ppia as housekeeping gene.  

Statistical analyses: Statistical significance was analyzed by ANOVA followed by Dunnet post hoc test for multiple 

comparisons. For the non-parametric statistics of more than two groups Kruskal-Wallis test was used followed by Dunn 

test for post hoc comparisons. Statistical analyses and graphs were performed using Prism 5.0 software (Graph-Pad 

Software Inc., CA, US).  

Chapter 6Cerium oxide nanoparticles and metabolism in vitro 

ROS production ELISA q-PCR Mitochondrial content 
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Aurora Perez-Cornago 5•6, Jesús Dlaz-Gutiérrez5, Juan J. Pons 3.r, 
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Living in a geographically higher altitude affects oxygen availability. The possible 
connection between environmental factors and the development of metabolic syndrome 
(MetS) feature is not fully understood, being the available epidemiological evidence still 

very limited. The aim of the present study was to evaluate the longitudinal association 
between altitude and incidence of MetS and each of its components in a prospective 

Spanish cohort, The Seguimiento Universidad de Navarra (SUN) project. Our study 
included 6860 highly educated subjects (university graduates) free from any MetS 

criteria at baseline. The altitude of residence was imputed with the postal code of each 
individual subject residence according to the data of the Spanish National Cartographic 
lnstitute and participants were categorized into tertiles. MetS was defined according to 

the harmonized definition. Cox proportional hazards models were used to assess the 
association between the altitude of residence and the risk of MetS during follow-up. 

After a median follow-up period of 1 O years, 462 incident cases of MetS were identified. 

When adjusting for potential confounders, subjects in the highest category of altitude 
(>456 m) exhibited a significantly lower risk of developing MetS compared to those 
in the lowest terti le ( <122 m) o f altitude of residence [Model 2: Hazard ratio = O. 75 
(95% Confidence interval: 0.58-0.97); p tor trend = 0.029). Living at geographically 

higher altitude was associated with a lower risk of developing MetS in the SUN project. 
Our findings suggest that geographical elevation may be an important factor linked to 

metabolic diseases. 

Keywords: environmental health, m etabol ic syndrome, cohort studies, p reventive medicine, morbidity 
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INTRODUCTION 

The metabolic syndrome (MetS) is a cluster of interrelated 
physiopathological comorbidit ies identified as a risk factor for 
cardiovascular disease and type 2 diabetes (Wilson et al., 2005). 
These factors include obesity (especiaUy central adiposity), 
hyperglycaemia, dyslipidaemia and hypertension (Grundy et al., 
2005). Therefore, this syndrome requires a multiple approach due 
to its complex and uncertain causes (Grundy et al., 2005; Alberti 
et al., 2009). The prevalence of MetS is increasing ali over the 
world, closely related to higher obesity and sedentary lifestyle 
rates (Alberti et al., 2009). Thus the MetS is a public health 
problem, which could be reduced by means of healthy lifestyle 
policies and programmes (Lucini et al., 2016). 

Despite the fact that sorne risk factors for developing MetS 
are widely recognized (e.g., smoking, unhealthy dietary habits, 
sedentary behavior) (Grundy et al., 2005), insufficient reports 
about protective factors, such as healthier dietary patterns (Abete 
et al., 2010), can be found. Concerning modifiable factors, the 
environment has been suggested to potentially influence the 
development of metabolic diseases (Frie) et al., 2011; Dhurandhar 
and Keith, 2014; Valdes et al., 2014). Moreover, some studies on 
subjects living at high altitudes have reported lower incidence 
rates of conditions linked to MetS such as obesity (RW.ERROR 
- Unable to find reference:525; Voss et al., 2013; Woolcott et al., 
2014; Diaz-Gutierrez et al., 2016), heart disease (Ezzati et al., 
2012; Faeh et al., 2016), hypertension (Norboo et al., 2015) or type 
2 diabetes (Woolcott et al., 2014). 

Previous trials have assessed the role of hypoxia on metabolic 
and physiologic characteristics (Millet et al., 2016). For instance, 
body weight was significantly lower in obese subjects exposed 
to hypobaric hypoxia at geographical altitude (Lippl et al., 2010; 
Vats et al., 2013). Furthermore, increased basal metabolic rate and 
leptin levels together with decreased food intake and diastolic 
blood pressure have been associated with the exposure to higher 
altitudes (Westerterp-Plantenga et al., 1999; Lippl et al., 2010). 
The previously mentioned clinical trials suggest that not only 
normobaric hypoxic exposures, but also hypobaric hypoxia could 
drive sorne beneficia! effects commonly associated with living 
at geographical altitude. Sorne studies have reported beneficia! 
effects of a short-term geographical altitude exposure in subjects 
with MetS (Schobersberger et al., 2003; Greie et al., 2006; 
Neumayr et al., 2014; Gutwenger et al., 2015). On the other hand, 
some investigations have reported non-significant changes in 
obesity or cardiovascular risk factors in obese individuals treated 
with sham intermittent hypoxia during exercise (Gonzalez
Muniesa et al., 2015b,c; Gatterer et al., 2015) or without exercise 
(Querido et al., 2012). Likewise, the effects of exercise recovery 
in hypobaric hypoxia were analyzed in previous studies, with no 
statistically significant results (Gatterer et al., 2015). Few studies 
have observed a reduction in body weight of obese subjects 
treated with physical exercise under normobaric intermittent 
hypoxia compared to sham hypoxia group (Netzer et al., 2008; 
Kong et al., 2014). However, higher oxygen availability has been 
related with beneficia) effects in severa! clinical disorders with an 
underlying inflammatory cause (Gonzalez-Muniesa et al., 2015a). 
However, to our knowledge, no prospective study has analyzed 
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the associatjon between living at different altitudes a11Jd the risk 
of MetS iJ1 healthy participai1ts. This analysis hypothesized that 
living at a geographically higher elevation may protect against 
metabolic syndrome. Hence, the aim of the present study was to 
evaluate the longitudinal long-term association between altitude 
of residence and incidence of MetS in a prospective cohort of 
Spanish university graduates. 

METHODS 

Study Population 
The SUN project (Seguí.miento Universidad de Navarra, 
University of Navarra Follow-up) is a prospective, dynamic, 
multipurpose cohort study conducted in Spain. The objectives, 
design and methods of the SUN cohort have been previously 
described (Martinez-Gonzalez et al., 2002; Martinez-Gonzalez, 
2006; Segui-Gomez et al., 2006). Briefly, using biennial mailed 
questionnaires pa rticipants have be·en continually followed-up. 
Participants' recruitment started in December, 1999 and it is 
permanently open. All subjects have ·obtained a university degree. 
Up until March, 20 12 to have enough time for a 2-year follow-up, 
the SUN project recruited 21,291 participants. The subjects that 
ceased to respond the questionnaires. ofthe study (n = 1881) were 
considered lost to follow-up leaving a total of 19,410 ( retention 
rate = 91 %). Participants who had not a mínimum follow-up 
of 6 years were excluded from the study (n = 4205). To avoid 
reverse causality bias, 3890 individuals who met at least one 
MetS criterion at baseline were excluded. Pregnant women at 
baseline and during the follow-up were excluded (11 = 2652). In 
addition, participants suffering from a chronic disease (diabetes, 
cancer or cardiovascular disease) at baseline were also excluded 
(n = 625). For the present study, a subsample of the cohort was 
selected for the final analysis with a total of 6860 participants over 
25 years old that had answered the postal code in the baseline 
questionnaire (Figure 1). The study was conducted according 
to the guidelines laid down in the Declaration of Helsinki and 
it was approved by the Human Research Ethical Committee of 
the University of Navarra. Voluntary completion of the first self
administered questionnaire was considered to i.mply informed 
consent. 

Assessment of Habits and Lifestyles 
The baseline questionnaire collected subjects' clinical history, 
daily habits, lifestyle, social characteristics, the time of residence 
at the current city and self-reported anthropometric information. 
Leisure-time physical activity was calculated through a baseline 
17-item questionnaire. The reproducibility and validity of self
reported physical activity was assessed in a subsample of the 
cohort (Martinez-Gonzalez et al., 2005). Adherence to the 
Mediterranean dietary pattern was determined through the score 
(0- 9 points) proposed by Trichopoulou et al. (2003). 

Assessment of Altitude 
The postal code of each participant's residence and the 
time they have been living in their city/village was recorded 
using the baseline questionnaire. We imputed the altitude of 
each postal code according to Spanish National Cartographic 
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N=lS,205 participants with a 
minimum follow-up of 6 years 

N=2,6.S2 pregnant women at 
baseline and during follow-up 

( N=3,890 prevalent MetS },.----+----? 
~-------------- , ______________ , 

N=625 chronic disease (CVD, 
cancer, diabetes) at baseline 

K---+---;¡,. 
N=l,178 aged < 26 and lost of 

altitude data 

N=6,860 Available for analyses 

FIGURE 1 1 Flow-chart displaying the participants included in the analyses. N, number of subjects; MetS, Metabolic syndrome; CVO, cardiovascular disease. 

Jnstitute (Ministry of Public Works-Ministerio de Fomento, 
Spanish Government) using the program GIS ArcGIS vl0.3 and 
categorized participants into tertiles. 

Assessment of Metabolic Syndrome 
MetS was defined according to the International Diabetes 
Federation and American Heart Association/National Heart, 
Lung, and Blood Jnstitute harmonized definition (IDF
AHA/NHLBI) (Alberti et al., 2009). According to it, the MetS 
diagnosis requires the occurrence of at least three of the following 
five criteria: central adiposity (according to the country-specific 
definition waist circumference: :::::94 cm in males and ::::so 
cm in females), hypertriglyceridemia (::::: 150 mg/dL or specific 
medication), low levels of high-density lipoprotein cholesterol 
(HDL-c: <40 mg/dL for men and <50 mg/dl for women), 
elevated blood pressure (BP: systolic ::::: 130 and/or diastolic :::::ss 
mmHg or antihypertensive drug treatment in a patient with 
a history of hypertension), and impaired glucose metabolism 
(fasting glucose ::::: 100 mg/dL or drug treatment of elevated 
glucose). 

For a comparison between different MetS diagnosis criteria 
AHA/NHLBI, IDF and Adult Treatment Panel III (ATP III) 
MetS definitions were used (Alberti et al., 2009). These 
requirements d iffer from those in the harmonized definition in 
the following terms: AHA/NHLBI defines central adiposity when 
waist circumference ::::: 102 cm in males and :::::99 cm in females 
or when diagnosed of type 2 diabetes; IDF specifies the central 
adiposity as mandatory criterion and at least two of the four 
criteria (eqt1al to harmonized definition items); ATP III defines 
central adiposity as waist circumference :::::102 cm in males and 
~88 cm in females. 

Self-rep01·ted information about each specific MetS criterion 
was collected in the Q_6 and Q_8 questionnaires (6th and Sth 
year follow-up respectively). Additionally, a measuring tape was 
sent to each participan! including an explanation of how to 
measure their own waist. 
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Diagnosis of MetS itself, the same as each MetS criterion was 
previously validated in a subsample of the cohort, finding an 
agreement between self-reported MetS and MetS diagnosis of at 
least 90% (Barrio-Lopez et al., 2011). 

Statistical Analyses 
Estimated tertiles according to their baseline altitude of residence 
were used to classify the participants included in the study: 
0-121 meters (m) as the reference leve!, 122-456 m and ~457 m. 
Baseline character istics according to their altitude of residence 
were described using relative frequencies, means and standard 
deviations. 

Cox proportional hazards models were used to assess the 
association between the tertiles of altitude leve( and the risk of 
MetS during follow-up. Person-time of follow-up was <:alculated 
for each participaJ1t, from the date of completion of the baseline 
questionnaire until the date of completion of the last follow
up questionnaire, or date of death, whichever occurred first. 
Por the cases of incident MetS, the person-time follow-up 
was set as the date of the follow-up questionnaire where they 
met the criteria for MetS diagnosis. The Cox model included 
age as the underlying time scale for ali analyses. Ali models 
were stratified by years living in the city/village, categories of 
participants according to their date of entry into the cohort and 
categories of age (deciles). An initial model adjusted for gender 
was calculated. Two multivariable-adjusted models were fitted 
for potential baseline confounders. Model 1 was adjusted for 
gender, BMI (Kg/m2 ), total energy intake (Kcal/d}, adherence to 
Mediten-anean dietary pattern (O to 9 score), physic.al activity 
(METs-h/week). sedentary behavior (h/d), hours sitting (h/d}, 
smoking status (non-smoker, smoker, former smoker), snacking 
between meals (yes/no) and following special diets (yes/no). 
Model 2 was additionally adjusted for sleeping time (h/d) and 
alcohol intake (g/d). 

Tests for linear trends across increasing categories of 
altitude were conducted by assigning the median altitude of 
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residence within each category and treating this variable as 
continuous. The specific relationship between each of the 5 
components of the MetS and the altitude levels was assessed. 
As sensitivity analyses, the risk of developing MetS living 
at geographically h igher altitude was calculated excluding 
participants with family history of chronic diseases such as 
obesity, diabetes, stroke and high blood pressure. Hazard 
Ratios (HR) and their 95% confidence intervals (CI) were 
calculated. The proportional-hazards assumption was tested 
with the Schoenfeld residual method and time dependen! 
covariates. 

Ali p-values presented are two-tailed; p < O.OS was 
considered statistically significan!. Analyses were performed 
using STATA/SE version 12.0 (StataCorp, College Station, 
TX, USA). 

RESULTS 

The main characteristics of participants according to 
their altitude of residence are shown in Table l. Higher 
altitudes on average were associated with younger age, 
greater proportion of women, lower BMI and less physical 
activity. No significant differences were found in baseline 
sedentary behavior, smoking status, alcohol consumption, 
adherence t·O the Mediterranean dietary pattern, special diets 
or sleeping time. Participants in the highest category of altitude 
had higher energy intake a nd were more likely to snack 
between-meals. 

Participants were followed-up for a median time of 10 years. 
During the follow-up period 462 (6.73%) incident cases of 
MetS were observed (Table 2A). Subjects in the highest category 
of altitude (>456 111) exhibited a significantly lower risk of 
developing MetS during follow-up compared to those in the 
lowest category ( < 122 m) of alt itude of residence [Model 2: HR = 
0.75 (95% CI: 0.58-0.97); p for trend = 0.029]. Participants who 
lived between 123 and 456 m did not show significantly lower risk 
of developing MetS compared to those in the tertile l. Moreover 
a linear trend was observed (p = 0.029 in Model 2). In addition 
to this, a multivariable linear regression showed that for every 
additional 100 meters of altitude the MetS incidence (each MetS 
criteria considered qualitatively on yes or no with a maximum 
of 5 points) is expected to decrease slightly, but significantly 
(p-value = 0.003), in the 8-year follow up. 

The null hypothesis that the relative hazard was constan! 
over time was confirmed, as a. non-significan! result was found 
(p = 0.19). The time-dependen! covariates were tested using this 
method, which gave a non-significant result indicating a non
zero slope, and confirming that the relative hazard is constant 
over time. 

The risk of developing each component of MetS according to 
the altitude l.evel is shown in Figure 2. The HR and 95% CI for the 
criteria of MetS were non-statistically significant after adjusting 
for potentiaE confounders. 

Four different definitions of MetS were use·d to study the 
hypothesis. These results, i.llustrated in Table 2B, were all in 
the same direction showing little variations among them. The 
reduction in the risk of developing MetS corresponded in ali cases 
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TABLE 1 1 Baseline characteristics of participants according to their 
altitude of residence. 

Altitude level p·valueª 

Range(m) 0-121 122-456 457- 2297 

Median(m) 43 330 591 

Mean(m) 48 317 635 

Participants (n) 2308 2374 2178 

Age(y) 41 (9) 40 (9) 40(9) 0.033 

Women (%) 52.9 58.1 56.7 0.001 

BMI (Kgtm2) 23.4 (2.7) 23.2 (2.7) 23.2 (2.8) 0.012 

Physical activity 23.2 (22.7) 21.7 (23.3) 21.4 (24.7) 0.019 
(METs-h/week) 

Sittin9 time (hfd) 5.2(2.0) 5.2 (2.1) 5.2(2.1) 0.372 

Smoking status (%) 0.823 

Current smokers 19.9 21.2 21.6 

Formar smokers 31.2 29.7 30.2 

Total energy intake (KcaVd) 2467 (819) 2542 (882) 2556(930) 0.001 

Alcohol (g/d) 7.0(10.5) 6.7 (9.7) 7.0(9.8) 0.498 

Mediterranean dietary patternb 4.3(1.8) 4.2 (1.8) 4.2(1.8) 0.242 

Between-meals snacking (%) 28.1 31.4 29.2 0.045 

Following special diets (%) 6.8 6.0 5.2 0.086 

Sleeping time (hfd) 7.3(0.8) 7.3 (0.8) 7.3(0.8) 0.758 

The $UN Project 1999-2012. Values are presented as mean ($0) when a percentage 
symbol (%) is not spedfied. m, meters; n, number of subjects; y, years; MET; metabolic 
equivalent task. 
•p-value lor comparison between-groups cafculated by one-way ANOVA lor continuous 
variables or the x 2 test ot linear trend tor categorical variables. 
bTrichopou/ou score (ranga ol seores, 0-9, with higher seores ind~ting greater 
adherence). 

TABLE 2A 1 Associations between altitude and incidence of Me·tS. 

Altitude levels p for trend 

0-121 m 122-456 m 457-2297 m 

Participants (n) 2308 2374 2178 

No. of cases per 174/18,285 161/18,977 127117.413 
person-year 

Gender 1.00Ref. 0.93 (0.74-1.17) 0.77 (0.~.98) o.cm 
Modal 1ª 1.00 Ref. 0.91 (0. 72- 1.16) 0.76 (0.59--0.98) 0.035 

Modal 2b 1.00Ref. 0.90 (0.71-1.15) 0.75 (0.~.97) 0.029 

The SUN Pro¡ect 1999-2012. Hazard Ratios and 9596 C/ ol incídent MetS (Harmonized 
IDF-AHAINHLBI) accorc/ing to the altitude of residence. 
m, meters; n, number of subjects. 
• Model 1 adjusted for: gooder, BMI, total energy intake, adherence to Mediterranean 
dietary pattem, physical activity, sedentary behavior, hours sitting, smoking status, 
snacl<ing between meats and lo//owing special diets. 
b Model 2 additional/y adjusted lor sleeping time and alcohol intake. 

to the highest category of altitude compared to the fi.rst tertile, 
ranging from 23% lower odds in the IDF definition to 39% in the 
AHA/NHLBI definition as the greater etfect. 

Furthermore, sensitivity analyses were in the same 
direction as the main resu.lts (Figure 3). The risk of 
developi.ng MetS decreased in the higher altitude leve! after 
excluding participants with family background of chronic 
disease. 
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TABLE 28 1 Comparison between MetS definitions accor.ding to difieren! diagnosis criteria. 

Cases/ Person-year Altit ude levels p for t rend 

0-121 m 122-456 m 457-2:297 m 

Harmonized 462/54,675 1.00 Ref. 0.90 (0.71-1.15) o. 75 (0.58--0.97) 0.029 

ATPlll 259154,897 1.00 Ref. 0.83 (0.60-1.16) 0.66 (0.46-0.95) 0.024 

IDF 441/54,702 1.00 Ref. 0.92 (0.72- 1.18) 0.77 (0.59-0.99) 0.047 

AHA/NHLBI 182155,014 1.00 Ref. 0.82 (0.57-1.17) 0.61 (0.40--0.92) 0.017 

Mullip/e adjustecr hazard ra1íos and 95% CI of inciden! Me/S acoording ro rile alrflude of residence. DeflflirJons abbrevialions, halmonized of lnlemationa/ Diaberes FederarJon and 
American Heart Assodatíon/Nationa/ Heart, Lung, and B/ood /nslllute ODF-AHAINHLBI); Adult Treatment Panel 111 (ATP lllj; lntemational Diabetes Federation ODF): American Heart 
Assodation/National Hea!I, Lung, and Blood lnstitute (AHAINHLBI); m, melers; • Adjusted far: gender, BMI, total energy intake, adherence to Meditemmean dietar¡ pattern. physical 
activity, sedentary behavior, hours sitting, smoking status, snacking belween meafs, following special diets, sleeping time and alcohol intake. 

1 Crileria 

A L TITUIOE LEVEL 3 (~56m) 

Central adiposity - -
High trig¡lycerides 

Low HDL-c 

High blo od pressure 

lmpaired glucose metabolism 

Metabo l ic Syndrom e 

A LTITUIOE LEVEL 2 (123-456m) 

Central adiposity - ..... 
High trig¡lycerides 

Low HDL-c 

High blo od pressure 

lmpaired glucose metabolism 

Metabo l ic Syndrom e 

A L TITUIOE LEVEL 1 (<122m) 

Referenice 

.s 2 

FIGURE 21 Risk of developing each componen! of MetS according to the altitude level. Multiple adjusted" hazard ratios and 95% CI ol inciden! MetS 
(harmonizad IOF-AHA/NHLBI) aocording lo the altilude of residence. The SUN Projecl 1999-2012. m, meters: • Adjusted lor: gender, BMI, total energy intake, 
adherence lo Mediterranean dielary pattern, physical aclivity, sedenlary behavior, hours sitting, smoking status, snacking between rneals, following special diets, 
sleeping time. and alcohol intake. 

DISCUSSION 

The current study showed that living at geographically higher 
altitude was significantly associated with a decreased risk of 
developing MetS in a Spanish population of relatively young 
university graduates. Moreover this effect followed a linear trend. 
The Cox model included age as the underlying time scale for 
ali analyses. Ali models were stratified by years living in the 
city/village, categories of participants according to their date 
of entry into the cohort and categories of age (deciles). A 
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model adjusted for gender, and two multivariable models were 
calculated. The first model with common dietary and lifestyle 
co-variables and the second model ad ditionally adjusted for other 
potential confounders. 

The higher concentration of oxygen (02) that can be found 
in the earth corresponds to sea level (21 %). At this altitude leve! 
the 0 2 partial pressure (pOi) is around 160 mmHg. Every 300 m 
reduces the p02 1% (McElroy et al., 2000; West, 2002). Our 
study suggests a potential preventive effect ofliving at moderately 
geographical altitude where the participants are exposed to lower 

January 2017 I Volume 7 1 Article 658 



RESULTS (Chapter 3) 

68 
 
 

Lopez-Pascual et al. Allitude and Metabolic Syndrome 

<1> 
E 1.4 
o u 
e 
>. 

"' 1.2 
.~ 
o 
.o 
cu 1 (Ref.) 1 (Ref.) 1 (Ref.) 1 (Ref.) 1 (Ref.) 
a; 1 ·- • -----·-E 

l 
0.98 

...._ Alt1 Alt1 Alt1 Alt1 
0.92 

Al11 
0.92 

.2 o.as 
.8 

0.85 

ü O.SI 

~ 
0.75 0.74 

o Al12 Alt2 
lO Alt2 e .6 Alt2 Alt3 Alt2 
.Q Alt3 Alt3 

~ Alt3 

1? 
Alt3 

cu .4 
N cu 
J: 

.2 
Overall Obesity Stroke HBP Diabetes 

Excluding family history of chronic diseases 

FIGURE 3 I Sensitivity analyses el'\cluding subjects with family history of chronic disease. Multiple adjustoo• hazard ratios .and 95% CI of inciden! MetS 
(harmonized IDF-AHNNHLBQ according to !he altitude of resídenoe. The SUN Project 1999-2012. Overall, ali !he participants included in !he main analysis; HBP, high 
blood pressure; Ref, reference; Alt1, altitude tertile 1; Alt2, altitude tertile 2; Alt3, altitude tertile 3; • Adjusted lor: gender, BMI, total energy intake, adherence to 
Mediterranean dietary pattern, physical activity, sedentary behavior, hours sitting. smoking status, snacking between meals, lollowillQ special diets, sleeping time, and 
alcohol intake-. 

p02, pressure, humidity and temperature. In this sense, the 
prevalence of obesity has been positively associated with ambient 
temperature in two different o bservational studies (Valdes et al., 
2014; Yang et al., 2015). It is also possible that other factors such 
as polymorphisms for high altitude adaptation were involved 
in this effect (Bigham et al., 2013; Huerta-Sanchez et al., 2013; 
Valverde et al., 2015). In our study the participants in the 
higher altitude category were at a median of 591 m and were 
exposed, for a median time of 20 years, to a stand ard barometric 
pressure of 95 kPa, which is 94% of the oxygen available at the 
sea level. This oxygen pressure translated to the body's oxygen 
supply taking 14 breaths per minute as the respiratory frequency 
and a tidal volume of 0.65 liters means an arterial p02 of 12 
kPa, and an oxygen saturation in blood (Sa02) of 97%. By 

contras!, the median altitude of those who were living in the 
lowest altitude (43 m) hadan atmospheric p02 o.f 100 kPa (with 
almost 100% of oxygen available at sea leve!). Using the same 
previous conditions this atmospheric p02 means an arterial p02 
of 13.2 kPa and a Sa02 of 9So/o (Cruickshank and Hirschauer, 
2004). 

This difference of 1.2 kPa is not large, and these calculations 
have limitations due to the possible adaptive response over years 
and generations, nonetheless arterial hypoxemia induced by 
exercise is defined as a reduction in the arterial oxygen pressure 
only higher than 1 kPa (Nielsen, 2003). This leads to various 
physiological mechanisms foll.owing adaptation due to chronic 
lower hypoxia. In addition, from a population perspective we 

Frontiers in Physiology 1 www.lrontiersin.org 6 

have to take into account the potential existence of Rose 
prevention paradox where factors that make a small difference to 
the population distribution may be more in1portant than factors 
that have a clinical impact on a small number of people (Rose 
et al., 2008). 

A significant reduction in the risk of developing MetS 
associated with living at geographically higher altitudes was 
found. However, this outcome was on.ly statistically significan! 
for the MetS as a whole but not for each one of its components 
separately. This lack of significance might be explained by the 
low incidence of 1the criteria of MetS in this young cohort (l.3% 
hypertriglyceridemia, 4.0% low HDL-c, 6.7% hypertension and 
2.5% type 2 diabetes). Only central adiposity showed a relatively 
high incidence in our cohort (27.2%). 

The reduction in the risk of developing MetS living at 
geographical high altitude followed a similar trend to the main 
analysis in those subjects with no famUy history of chronic 
diseases. These results suggest that the genetic background of 
chronic disease does not interfere w ith the potential benefits of 
living at geographical high altitude. 

Our results are novel. but they are in line with other studies 
that did not specifically assessed MetS. Regarding to living 
at high altitudes, severa( observational studies have reported 
lower incidence rates of metabolic diseases in diffe.rent large 
cohorts (Ezzati et al., 2012; Voss et al., 2013, 2014; Woolcott 
et al., 2014; Faeh et al., 2016). Obesity was significantly higher 
at lower altitude category ( <500 m) in an US cross-sectional 
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study after controlling for w-banization, temperature, behavioral 
and demographic factors (males and females had 5.1 and 3.9 
times the odds of obesity, respectively, compared to participants 
over 3000 m) (Voss et al., 2013). A study abou t the incidence 
of overweight/obesity at geographical altitude performed in 
the SUN cohort found a reduction in the risk of developing 
overweight or obesity (Diaz-Gutierrez et al., 2016). Lately, a 
quasi-experimental study carried out with military population 
observed that individuals with frequent migration stationed 
at high altitude had 41 % lower HR of obesity after multiple 
adjustment (Voss et al., 2014). Another tria!, also performed 
in a US population, observed a lower risk of developing both 
obesity and type 2 diabetes (OR: 0.77 and 0.88 respectively) at 
high altitudes (from 1500 to 3000 m) (Woolcott et al., 2014). 
In addition, two studies found an inverse association between 
altitude (more than 1500 m) and mortality from ischemic heart 
disease, while a positive association was established between 
altitude and mortality from chronic obstructive pulmonary 
disease (Ezzati et al., 2012). The mortality rate from coronary 
heart disease was also reduc.ed in men living above 1220 m 
(Faeh et al., 2016). These outcomes are consistent with our 
results, although they enrolled participants living at considerably 
higher altitudes than those in our cohort (up to 3500 m vs. 
< 2000 m in our study). Higher hypertension prevalence was 
associated to highest altitudes (more than 2000 m) in highlanders 
of India (Norboo et al., 2015), which is opposed to our 
results concerning hypertension, possibly beca use their study was 
carried out with very h igh altitudes. As previously discussed, to 
date there are no longitudinal studies analyzing the association 
between living at geographical high altitude and the incidence of 
MetS. 

Notwithstanding that metabolic syndrome definition is 
controversia( (Balarini and Braga, 2016), we have considered 
the most widely accepted definitions of this concept to test our 
hypothesis. Comparisons conducted with different definitions 
of MetS showed similar results to the main analysis. However, 
diagnosis criteria influenced the association of altitude living 
and the risk of developing MetS, being AHA/NHLBI definition 
the most modified. This finding could be explained due to 
the central adiposity criterion, included in the AHA/NHLBI 
criteria, as high waist circumference (~102 cm in males and 
~88 cm in females) or diagnosed type 2 diabetes (under drug 
treatment). AHA/NHLBI and ATP III share the cut-off point of 
waist circumference, as they do with the reduction in the risk of 
developing MetS (AHA/NHLBI 39% and ATP III 34% less odds). 
On the contrary, the other definitions (IDF and harmonized 
IDF-AHA/NHLBI) share the limit waist circumference (waist 
circumference: ~94 cm in males and ~80 cm in females) and 
their results were similar (Harmonized 25% and IDF 23% less 
odds). 

Some limitations should be noted. Participants' high 
educational level increases the interna! validity of the results, even 
though it could make our study population less representative. 
This feature might influence on their willing to participate 
in epidemiologic cohorts as they usually are healthier than 
the general population (Alonso et al., 2006). We should be 
cautious to generalize the results to the general population. A 
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different sarnple may produce ditferent results and therefore, 
it could be interesting to test our hypothesis in a different 
sample with participants other than graduares. Howev·er, severa! 
potential confounding factors related to lifestyle were used for 
adjustments. Another potential limitation is the way of collecting 
data relative to altitude, as it was only measured at baseline 
assuming that the participants remained at the same altitude 
over the follow-u¡p period. Moving to a different altitude might 
be a limitation in our study, since some participants may have 
changed their permanent residence. Moreover, the exposure 
variable has a limiting factor in this study since in Spain there are 
few people living over 1500 meters. Atmospheric characteristics 
(temperature, humidity or pressur·e) and population density
related features (pollution from urban areas, migrations or 
food accessibility) were not available in our study, but they 
could be involved in the effects of living at geographical 
high altitudes. These data would help to clarify the role of 
environmental factors in the development of chronic diseases; 
nonetheless urban areas are more or less well distributed due to 
the presence of big cities both in the lower and in the other two 
tertiles of altitude. Finally, some clinical parameters could have 
helped to avoid potential confounders as self-reporting could 
lead to bias. Nevertheless, participants were not aware of the 
objective of the study when they answered the questionnaires 
of the project. Finally, although we have adjusted for potential 
confounders, we cannot rule out the existence of residual 
confounding. 

Major advantages are its prospective design with at least 
6 years of follow-up to avoid reverse causation bias, the 
previously validated methods to assess the main variables 
(Barrio-Lopez et al., 2011), the use of a large sample of 
participants and their university education, which helped 
them to provide a high quality of information in their 
answers to the questionnaires and also adds homogeneity 
to the cohort regarding socio-demographic factors. These 
features of the SUN cohort may reduce the potential for 
confounding. 

CONCLUSIONS 

In this study of a Spanish population composed of university 
graduares, we found that to live at geographically higher altitude 
was directly associated with a lower risk of developing MetS 
after 6 and 8 years of follow-up. This association was only 
significant when MetS was analyzed as a whole. However, this 
is a preliminary result and future studies with longer follow
up periods, larger sample size and higher altitudes are needed. 
Additional research, even including the future (but remote) 
possibility of conducting a randomized preventive intervention, 
should clarify the mechanisms of this relationship, and assess 
the pros and cons of geographical high altitude residency on 
MetS prevention. Moreover, our results need further validation 
in the general population. Up to date, th is is appai-ently the 
first large longitudinal study analyz.ing the association between 
MetS and altitude. Our findings suggest that geographical 
elevation may be an important factor linked to metabolic 
diseases. 
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ABSTRACT 

 

Background: The metabolic syndrome (MetS) is characterized by the clustering of hyperglycemia, hypertension, 

hypertriglyceridemia, low high-density lipoprotein cholesterol levels, and central adiposity. Altitude has been proposed 

as a protective factor to prevent the development of MetS and its components.  

Aim: to determine whether living at geographical elevation is associated with MetS and its individual components after 

adjustment for potential confounders in an Ecuadorian population. 

Methods: the study included 260 Ecuadorian university graduates over 20 years old from the coast region or the Andean 

Altiplano. The altitude was imputed with the postal code of each participant residence according to the Ecuadoran 

Geophysical Institute of the National Polytechnic School. MetS was defined according to the harmonizing definition. 

Logistic regression models were fitted to assess the relationship between altitude level and the prevalence of MetS and 

its individual components. As internal validation, re-sampling techniques were used (1,000 bootstrap samples).  

Results: Living at high altitude reduced significantly the risk of having hypercholesterolemia (OR = 0.24; p <0.001), 

hyperglycemia (OR = 0.25; p <0.05) and MetS (OR = 0.24; p <0.05), after adjusting for potential confounders. At high 

altitude the bootstrapped logistic regression models showed lower prevalence of hypercholesterolemia (OR = 0.30; p 

<0.05), hyperglycemia (OR = 0.22; p <0.001) and MetS (OR = 0.28; p <0.05). The MetS score (0-5 points) showed a reduction 

in the number of MetS components at high altitude compared to sea level (β = -0.34; p = 0.002). A statistically significant 

lower energy intake was found in high altitude compared to sea level after adjustment for potential confounders (p 

<0.001).  

Conclusion: In the present study of an Ecuadorian population composed of adults living at the coast and the Andean 

Altiplano, living at high altitude (2,758-2,787 m) was associated with a lower prevalence of MetS, hypercholesterolemia 

and hyperglycemia, compared to the participants at sea level (4-6 m). Finally, an inverse association between altitude 

and energy intake was found after adjusting for covariates, suggesting a physiological role of appetite at high altitude 

even in acclimated subjects.  
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INTRODUCTION  

The metabolic syndrome (MetS) is characterized by the clustering of hyperglycemia, hypertension, hypertriglyceridemia, 

low high-density lipoprotein cholesterol levels (c-HDL), and central adiposity (measured by waist circumference and body 

mass index) (1). The MetS is highly prevalent worldwide being over 20% in Western countries (2), and there is sufficient 

evidence indicating that MetS is a risk factor for cardiovascular disease and type 2 diabetes (3). Experts in clinical practice 

have published specific guidelines for the precise management of each risk factor in order to prevent or delay onset of 

type 2 diabetes and cardiovascular disease (1). Many risk and protective factors have been described to be associated to 

MetS, but there are contradictory outcomes among them (2). Therefore, investigations concerning the factors that are 

associated with the development of MetS are fundamental for its prevention and treatment.  

Regarding environmental factors, altitude has been proposed to increase cardiovascular and respiratory efficiency despite 

lower oxygen availability (4). Moreover, several observational studies have described that permanent highlanders had 

lower levels of LDL cholesterol, higher HDL cholesterol levels, better fasting glucose levels and reduced obesity rates 

than sea level residents (4,5). In addition, there is evidence supporting lower blood pressure in subjects who reside at 

altitude, although results are inconclusive (4). Furthermore, some epidemiological studies reported lower obesity 

prevalence (6,7) and incidence (8,9), as well as lower diabetes (10) and hypertension rates (11). Moreover, a recent study 

published by our group showed lower incidence of MetS independent of risk factors and potential confounders (12). 

However, the result was found at moderately high altitude, as it was carried out in a Spanish cohort where most of the 

people live below 1,500 meters (m). In addition, other available epidemiological data revealed lower mortality from 

ischemic heart disease and certain types of cancer , while higher mortality rates from respiratory disease were reported, 

in people living at a higher altitude (13–15).  

High altitude is commonly defined as living above 2,500 m as the cut-off point where people display a fall in arterial 

oxygen saturation (16). Living at high altitude represents a physiological challenge, thus, permanent residents present a 

set of physiological adaptations to environmental pressure and lower oxygen availability such as raised hemoglobin 

concentration, enlarged lung volume and blunted hypoxic ventilatory response (5,16). Three main high-altitude regions 

of the world represent the successful human long-term adaptation to hypobaric hypoxia: the Ethiopian Siemen Mountains, 

the Tibetan Plateau in the vicinity of Himalayan valleys, and the Andean Altiplano (17).  

The aim of this study was to determine whether geographical elevation is inversely associated with MetS and its individual 

components after adjustment for potential confounders in an Ecuadorian population. To our knowledge, this is the first 

study conducted in an Andean population compared to sea level with the objective to assess the association between 

altitude and MetS. 

 

MATERIAL AND METHODS 

Participants 

The current study included a sample of adult individuals (over 20 years old) from Ecuador. The dataset was constructed 

with a total of 260 participants from the coast region (Sea level) or the Andean Altiplano (High altitude), recruited from 

both administrative workers of the National Police and the Christian Center of Integral Theotherapy. The inclusion criteria 

were men and women with a university degree. Participants were excluded if they were pregnant, had a body mass index 

(BMI) over 40 kg/m2 (morbid obesity), or suffered from cancer or cardiovascular disease. This study did not require 

approval from the Human Research Ethical Committee of the University of Navarra as it involved a cross-sectional analysis. 
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Lifestyles and habits 

Data were collected by a dietitian-nutritionist with a questionnaire that included data on each participant's 

characteristics and lifestyles (sex, age, smoking habit, alcohol consumption, exercise practice), as well as their 

anthropometric information (weight, height, waist circumference). A Harpenden anthropometric commercial tape was 

used by the dietitian-nutritionist to measure the waist circumference (Holtain Limited, Crosswell, UK). The total energy 

consumption was calculated by the dietitian-nutritionist with a specific software (Easy-Diet, Bicentury) through a dietary 

recall of 24 hours of a representative day of the week. The questionnaire included the postcode of each participant 

residence and the time that has been living in their city or village. The altitude of residence was imputed with the postal 

code of each participant according to the Ecuadoran Geophysical Institute of the National Polytechnic School. 

 

Assessment of metabolic syndrome and its components 

Participants’ weight was recorded and used to calculate the BMI as the self-reported weight in kilograms divided by the 

square of height in meters. The central adiposity was defined as high waist circumference (according to the Central and 

South American specific cut-off points: 90 cm for men and 80 for women (3)) or having overweight or obesity (BMI ≥25 

kg/m2). The Hypercholesterolemia (total cholesterol >240 mg/dl), hypertension (blood pressure: systolic ≥130and/or 

diastolic ≥85 mmHg), hyperglycemia (blood glucose ≥100 mg/dl) and low values of high-density lipoprotein cholesterol 

(HDL-c: men <40 mg/dl and women <50mg/dl). MetS was defined according to the International Diabetes Federation and 

American Heart Association/National Heart, Lung and Blood Institute (IDF-AHA/NHLBI) harmonizing definition (1–3) which 

requires the diagnosis of three or more of the previous five criteria. 

 

Statistical analyses  

Differences in characteristics of participants according to altitude level were evaluated with Pearson’s χ2 test of linear 

trend for categorical variables or unpaired Student’s t-test for continuous data. Logistic regression models were fitted to 

assess the relationship between altitude level and the prevalence of MetS and its individual components, categorized 

(yes/no) for the presence or absence of each risk factor. Odds ratio (OR) and its 95% confidence interval (95% CI) were 

estimated using as the reference category those participants who reside in the coast (Sea level). A first model did not 

include any covariate (crude). We fit another model for sex and age. A first multivariate model (Model 1) was fitted for 

potential confounding factors as follows: age, gender, total energy intake and residence time. Finally, a multivariate 

model (Model 2) was additionally adjusted for: BMI, physical activity, smoking habit and alcohol consumption. As internal 

validation, the risk of developing MetS living at high altitude was tested through re-sampling techniques (1,000 bootstrap 

samples) to derive adjusted OR and 95% CI. Multivariate linear regression model was used to assess the association 

between the altitude of residence and the summation of MetS components (MetS score: 0-5 points) using the Sea level as 

the reference group, and β-regression coefficients and their 95% CI were estimated. The differences between energy 

intake and altitude level was tested through analysis of covariance or ANCOVA (multiple adjustment with Model 1) to 

assess the influence of altitude on appetite after adjusting for potential confounding factors. The Stata 12.0 software 

(Stata, College Station, TX, USA) was used for all statistical analyses. Values of p <0.05 were considered statistically 

significant. 
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RESULTS 

Subject characteristics 

Two hundred and sixty participants were included in the study. Of these, 152 lived at sea level and 108 at high altitude. 

When comparing both altitude groups, those at high altitude were older, greater proportion of women, had lower energy 

intake and higher residence time (Table 1). BMI, physical activity, smoking habit and alcohol consumption were not 

significant between groups. The variables that were significant between groups were used in Model 1 as covariates, and 

additionally of those, the rest of the variables were included in multivariate Model 2. 

 

Table 1. Characteristics of subjects according to their altitude of residence.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Values are presented as mean (SD), except for categorical variables represented in percentage (%). m: meters; n: number 
of subjects; y: years; Probability p-values from Students’ t-test for continuous variables or χ2 test of linear trend for 
categorical variables. 

 

Metabolic syndrome and associated components 

Living at a higher altitude both in the crude model and considering confounding factors, seems to protect against 

metabolic syndrome and some of its associated components (Table 2). Concretely, the unadjusted model (crude) showed 

lower prevalence of hypercholesterolemia (OR = 0.24; p <0.001), hyperglycemia (OR = 0.24; p <0.01) and MetS (OR = 

0.27; p <0.05); and a higher prevalence of hypertension (OR = 5.20; p <0.05). When adjusting for gender and sex, a 

statistically significant lower prevalence of central obesity (OR = 0.40; p <0.05), hypercholesterolemia (OR = 0.18; p 

<0.001), hyperglycemia (OR = 0.20; p <0.01) and MetS (OR = 0.16; p <0.01) were found at high altitude. The first 

multivariate model (Model 1), adjusted for age, gender, total energy intake and residence time showed that participants 

living at high altitude had a statistically significant lower prevalence of hypercholesterolemia (OR = 0.22; p <0.001), 

Elevation Sea level  High altitude  

p-value  Range (m) 4-6 2,758-2,787 

Participants (n) 152 108 

Age (y) 33.5 (6.6) 38.2 (9.9) 0.001  

Sex (%)   0.001 

Men  78.3 54.6  

Women  21.7 45.4  

BMI (Kg/m2) 27.0 (2.6) 26.4 (3.2) 0.119 

Physical activity (%)   0.384 

Never  25.0 18.5  

1-3 d/week 45.4 52.8  

4-7 d/week 29.6 28.7  

Total energy intake (Kcal/d) 2631 (346) 2430 (351) 0.001 

Residence time (y) 25.2 (10.9) 31.9 (12.7) 0.001 

Smoking habit (%)   0.506 

Never  93.4 95.4  

Smokers 6.6 4.6  

Alcohol consumption (%)   0.088 

Never  82.2 89.8  

1-5 d/week 17.8 10.2  
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hyperglycemia (OR = 0.30; p <0.001) and MetS (OR = 0.28; p <0.05). Finally, living at high altitude reduced significantly 

the risk of having hypercholesterolemia (OR = 0.24; p <0.001), hyperglycemia (OR = 0.25; p <0.05) and MetS (OR = 0.24; 

p <0.05) in the second multivariate model fitted for age, gender, total energy intake and residence time, BMI, physical 

activity, smoking habit and alcohol consumption (Model 2). 

Table 2 Associations between altitude and prevalence of MetS.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

MetS harmonizing definition (IDF-AHA/NHLBI). Multivariate Model 1 adjusted for: age, gender, total energy intake and 
residence time. Multivariate Model 2 additionally adjusted for: BMI, physical activity, smoking habit and alcohol 
consumption. m: meters; n: number of subjects, Ref. category of reference. MetS: metabolic syndrome. Odds Ratios and 
95% CI. *p<0.05; **p<0.01; ***p<0.001. 

Elevation Sea level  High altitude  

Range (m) 4-6 2,758-2,787 

Participants (n) 152 108 

Central obesity 

Prevalence 135 88 

Crude  1.00 Ref. 0.55 (0.28-1.12) 

Age and sex  1.00 Ref. 0.40 (0.18-0.87) * 

Model 1 1.00 Ref. 1.10 (0.39-3.06) 

Model 2 1.00 Ref. 1.32 (0.44-3.98) 

Hypercholesterolemia   

Prevalence 69 18 

Crude  1.00 Ref. 0.24 (0.13-0.44) *** 

Age and sex  1.00 Ref. 0.18 (0.09-0.36) *** 

Model 1 1.00 Ref. 0.22 (0.11-0.45) *** 

Model 2 1.00 Ref. 0.24 (0.12-0.49) *** 

Hypertension   

Prevalence 2 7 

Crude  1.00 Ref. 5.20 (1.06-25.53) * 

Age and sex  1.00 Ref. 2.11 (0.36-12.38) 

Model 1 1.00 Ref. 2.56 (0.40-16.43) 

Model 2 1.00 Ref. 3.60 (0.49-26.35) 

Hyperglycemia    

Prevalence 26 5 

Crude  1.00 Ref. 0.24 (0.09-0.63) ** 

Age and sex  1.00 Ref. 0.20 (0.07-0.60) ** 

Model 1 1.00 Ref. 0.30 (0.10-0.92) *** 

Model 2 1.00 Ref. 0.25 (0.07-0.88) * 

MetS   

Prevalence 23 5 

Crude  1.00 Ref. 0.27 (0.10-0.74) * 

Age and sex  1.00 Ref. 0.16 (0.05-0.55) ** 

Model 1 1.00 Ref. 0.28 (0.08-0.95) * 

Model 2 1.00 Ref. 0.24 (0.07-0.91) * 
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To assess the internal validation of the results, the OR of each condition and the overall MetS were compared to those 

obtained by the bootstrapping re-sampling method, after adjusting for potential confounding factors as multivariate 

Model 1. The analyses showed a similar pattern in the prevalence of MetS and its components, and the variability was 

reduced in the bootstrapped logistic regression model. At high altitude the bootstrapped analyses showed lower 

prevalence of hypercholesterolemia (OR = 0.30; p <0.05), hyperglycemia (OR = 0.22; p <0.001) and MetS (OR = 0.28; p 

<0.05) (Figure 1). In contrast, no association was detected between altitude and the prevalence of central adiposity or 

hypertension.   

To determine the distribution of MetS components in both altitude levels, a summation of them in a MetS score (0-5 

points) was performed. The MetS score showed a reduction in the number of MetS components at high altitude compared 

to sea level (β = -0.34; p = 0.002) (Figure 2). 

 

Figure 1. Validation analysis. Risk of developing each 
component of MetS according to the altitude level assessed 
with logistic regression and bootstrapped (BS) logistic 
regression (1,000 random samples). MetS harmonizing 
definition (IDF-AHA/NHLBI). Multivariate Model 1 adjusted 
for: age, gender, total energy intake and residence time. 
Ref. category of reference. 

 

Figure 2. Observed density of people by altitude for the 
summation of MetS components (MetS score). The high 
altitude is represented by the green area and Sea level is 
displayed by the blue area Model 1 adjusted for: age, 
gender, total energy intake and residence time. Β: Beta 
regression coefficient; p: p-value. 

 

Altitude and energy intake  

The differences in energy intake between the two altitude groups made not only necessary the inclusion of this variable 

in the models, but also suggested a more exhaustive study. Hence, the total calorie intake was analyzed to test whether 

the appetite was different between those living at high altitude, compared to sea level participants. A statistically 

significant lower energy intake was found in high altitude compared to sea level, tested through ANCOVA, adjusted for 

Model 1 (p <0.05; data not shown). To further verify the independent effect of altitude in energy intake, it was adjusted 

with the multivariate Model 2 (fitted for: age, gender, residence time, BMI, physical activity, smoking habit and alcohol 

consumption). This returned a comparable outcome (p <0.001), that indicates a lower calorie intake at high altitude 

(Figure 3). 
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Figure 3. Energy intake according to the altitude 
of residence. ANCOVA multivariate Model 1 
adjusted for: age, gender, total energy intake and 
residence time. 

 

 

 

Discussion 

The present study conducted in a sample of the population of Ecuador shows that adults living at high altitude (2,758-

2,787 m) had lower odds of hypercholesterolemia, hyperglycemia and MetS than those who lived at sea level, adjusting 

for potential confounders. A similar association was found with the MetS score (summation of each component of MetS), 

suggesting a reduction in the number of MetS components at high altitude compared to sea level.  

To our knowledge, there is only one study on the incidence of MetS at high altitude (12). Although, that result was found 

at moderately high altitude (mean of 635 m) as it was carried out in a Spanish cohort. Moreover, another study relating 

MetS prevalence at high altitude found no differences between sea level and high altitude populations in a population 

from Peru (18); however, the inverse association between high altitude and the components of MetS was found in previous 

studies. For example, a research on diabetes and altitude performed in a large dataset of nearly three hundred thousand 

adults from the United States showed lower prevalence of diabetes when living above 1,500 m (10).  Categorizing by 

gender, this study reported that the effect is only statistically significant among men. Previous studies evidenced lower 

fasting glycemia (19,20) and better glucose tolerance (21) at high altitude. Hypercholesterolemia prevalence and 

hypertension were lower in the high altitude group in Peru (18). The prevalence of central obesity was not associated 

with altitude in our study. However, another study performed in Andean population reported lower prevalence at high 

altitude (6). Our results may differ from the aforementioned study in the sample size, as they had a larger cohort, which 

could increase the power of the study, thus allowing them to detect even slight differences. Moreover, other studies 

carried out in different populations reported lower prevalence (7,22) and incidence (8,9) of overweight or obesity at high 

altitude. On the other hand, a previous study published by our group did not found an association between individual 

MetS components and altitude (12), suggesting that the effect of altitude on them is highly heterogeneous, and more 

studies are needed. Some causes of mortality were also associated to altitude, concretely living at high altitude reduced 

the mortality rate from coronary heart disease (23) and ischemia (14), while increased the mortality from chronic 

obstructive pulmonary disease (14). Bootstrapped re-sampling method was used to test the internal validity of logistic 

regression, as it provides evidence of the consistency of the estimated OR. In general terms, with 1,000 or more re-

sampled data sets would be enough to calculate CIs with a lower variability (inversely related to the number of re-

sampled data sets). In addition to this, the score performed with the summation of MetS components revealed greater 

degree of comorbidities in those participants living at sea level compared to high altitude subjects.  

The inverse association between altitude and energy intake, while adjusting for covariates, suggested a regulatory role 

of appetite in MetS reduction even in acclimatized participants living permanently at the same altitude for a median of 
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29 years. Nevertheless, our results are independent of energy intake as it was used as a potential confounding factor in 

the multivariate models. Previous studies reported lower appetite at high altitude (hypoxic environment), but most of 

them have been performed in a short-term time of residence, with subjects from the sea level moved to high altitude 

for the studies(5). On the other hand, the direct effect of prolonged altitude exposure on appetite remains unknown, 

therefore, it would be interesting to further investigate the reason. Basal metabolic rate and sympathetic activation does 

not appear to be higher among highlanders as compared with coast living subjects, even if normalized to fat-free mass 

(6). Leptin and norepinephrine could be influencing the changes in energy expenditure and food intake at high altitude. 

These hormones act by increasing the sympathetic nerve activity and contributing to enhance energy expenditure, 

remaining even in acclimatized subjects (5,7,24). Besides, leptin levels are increased in weight loss at high altitude 

compared to those at sea level (24).  

At sea level, the oxygen partial pressure is approximately 160mmHg, which corresponds to 21% oxygen breathed. The 

ascent of approximately 300 m of altitude results in 1% reduction of oxygen concentration (25), but only up to 4,500 m 

(26). In our study, the subjects lived at their city or village for a median time of 29 years (28 years the group at sea level 

and 30 years those at high altitude). The participants living over 2,700 m have a 27% lower oxygen availability than those 

at sea level, that means a total partial pressure of oxygen (pO2) of 15% in an inhaled gas mixture. The arterial pO2 is 13.1 

kPa in the group at sea level, and 7.7 kPa at high altitude, which means a 97.3% and 89.6% oxygen saturation in blood, 

respectively. A reduction in arterial pO2 by more than 1 kPa and or an oxygen saturation below 95% is considered 

hypoxemia (27); therefore, we could consider that participants of the high altitude group (2,758-2,787 m) that lived 

there for a median of 30 years under a chronic hypobaric (low-pressure) hypoxia.  

At high altitude there is lower pressure , temperature and humidity (26), therefore other possible explanations apart 

from reduced oxygen availability cannot be dismissed. In this sense, some studies found a positive association between 

temperature and obesity prevalence (28,29). Moreover, factors such as polymorphisms for high altitude adaptation could 

be involved in the lower prevalence of MetS and its components at high altitude (16,17,30). Some of the genetic variants 

highly present in high altitude residents are related to hypoxic adaptation (30), while others are related to the antioxidant 

system and lung function (17).  

Our study has several strengths. First, the analyses are adjusted for lifestyle factors to avoid biased outcomes. In addition, 

all data were collected by a Dietitian-Nutritionist. Further, the waist circumference was measured by this professional 

and central obesity was diagnosed including this direct anthropometric measurement, reducing data inaccuracy and 

preventing recall and response biases. Finally, the participants lived in the same altitude for a median time of 29 years, 

and the analyses were adjusted for time of residence, which could help avoiding the effect of moving from sea level to 

a higher level of altitude or the other way around.  

This study should be analyzed in the context of several limitations. Although we have adjusted for potential confounders, 

we cannot rule out the existence of residual confounding. One should consider reverse causality due to cross-sectional 

study design. Another limitation should be noted: both the altitude exposure and the outcome are categorized in low/high 

and presence/absence respectively, but continuous variables would give a more concise outcome. Furthermore, the 

availability of numerical values could help identifying the exact cut-off point where altitude exerts a beneficial effect. 

On the other hand, the bootstrap method has a main limitation: the sample must be representative of the population 

from which it was sampled; thus, the smaller the original sample, the less representative to the population (31). In 

addition to this, our study is focused on population with a university degree; therefore, they might not be representative 

of the whole population. Finally, Type II error cannot be discarded in transversal studies with targeted subjects. Despite 

the proximity to the upper limit of the CI to the null value, our results are statistically significant and were in the same 

line of previous studies.  
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Conclusion  

The present study concerning an Ecuadorian population recruited from adults living at the coast and the Andean Altiplano 

with a university degree, revealed that living at high altitude (2,758-2,787 m) was associated with a lower prevalence of 

MetS, hypercholesterolemia and hyperglycemia, compared to the participants at sea level (4-6 m). This association was 

tested with bootstrapping method, which validated our results re-sampling the dataset (1,000 bootstraps). A MetS score 

calculated with the summation of MetS individual components showed a reduction in the number of MetS components at 

high altitude compared to sea level, supporting our hypothesis. Finally, an inverse association between altitude and 

energy intake was found after adjusting for covariates, suggesting a physiological role of appetite at high altitude even 

in acclimatized subjects. Nevertheless, these are preliminary outcomes and future studies with a longitudinal design and 

larger sample size are needed. Besides, the mechanisms involved in the lower prevalence of metabolic disorders should 

be addressed in a physiological context to clarify the underlying factors of these associations. These findings suggest that 

altitude may be related not only to MetS but also to some of the individual components.  

 

Acknowledgments 

We would like to thank all participants of the study for their cooperation. AL is fully acknowledged for the fellowships to 

Asociación de Amigos de la Universidad de Navarra (ADA) and the FPU from the Spanish Ministry of Education, Culture 

and Sport (MECD). 

 

Author contributions  

Planned and designed the study: PG-M, JAM. Data collection: JA. Conducted statistics: JA, AL-P. Assisted with 

interpretation of the results: JA, AL-P, PG-M, JAM. Contributed to writing the original draft: JA, AL-P. Revised and edited 

the manuscript: JA, AL-P, PG-M, JAM. All authors read and approved the final manuscript. 

 

Funding  

This project has received funding from the Spanish Government Carlos III Health Institute Centre of Biomedical Research 

Network: CIBERobn Physiopathology of Obesity and Nutrition (CB12/03/30002) and the University of Navarra.  

 

Conflict of interest 

The authors declare that the research was conducted in the absence of any commercial or financial relationships that 

could be construed as a potential conflict of interest. 

 

Data Availability  

The datasets generated during the current study are not publicly available due to reasons of confidentiality but are 

available from the corresponding author on reasonable request. 

 

 

 



RESULTS (Chapter 4) 

84 
 

References 

1. Grundy SM, Cleeman JI, Daniels SR, Donato KA, Eckel RH, Franklin BA, Gordon DJ, Krauss RM, Savage PJ, Smith 

SC, et al. Diagnosis and management of the metabolic syndrome: An American Heart Association/National Heart, 

Lung, and Blood Institute scientific statement. Circulation (2005) 112:2735–2752. 

doi:10.1161/CIRCULATIONAHA.105.169404 

2. Kassi E, Pervanidou P, Kaltsas G, Chrousos G. Metabolic syndrome: definitions and controversies. BMC Med (2011) 

9:48. doi:10.1186/1741-7015-9-48 

3. Alberti KG, Eckel RH, Grundy SM, Zimmet PZ, Cleeman JI, Donato KA, Fruchart JC, James WP, Loria CM, Smith 

Jr SC, et al. Harmonizing the metabolic syndrome: a joint interim statement of the International Diabetes 

Federation Task Force on Epidemiology and Prevention; National Heart, Lung, and Blood Institute; American 

Heart Association; World Heart Federation; International . Circulation (2009) 120:1640–1645. 

doi:10.1161/CIRCULATIONAHA.109.192644 [doi] 

4. Anderson JD, Honigman B. The effect of altitude-induced hypoxia on heart disease: do acute, intermittent, and 

chronic exposures provide cardioprotection? High Alt Med Biol (2011) 12:45–55. doi:10.1089/ham.2010.1021 

[doi] 

5. Hirschler V. Cardiometabolic risk factors in native populations living at high altitudes. Int J Clin Pract (2016) 

70:113–118. doi:10.1111/ijcp.12756 

6. Woolcott OO, Gutierrez C, Castillo OA, Elashoff RM, Stefanovski D, Bergman RN. Inverse association between 

altitude and obesity: A prevalence study among andean and low-altitude adult individuals of Peru. Obesity (2016) 

24:929–937. doi:10.1002/oby.21401 

7. Voss JD, Masuoka P, Webber BJ, Scher AI, Atkinson RL. Association of elevation, urbanization and ambient 

temperature with obesity prevalence in the United States. Int J Obes (Lond) (2013) 37:1407–1412. 

doi:10.1038/ijo.2013.5 [doi] 

8. Voss JD, Allison DB, Webber BJ, Otto JL, Clark LL. Lower obesity rate during residence at high altitude among a 

military population with frequent migration: a quasi experimental model for investigating spatial causation. 

PLoS One (2014) 9:e93493. doi:10.1371/journal.pone.0093493 [doi] 

9. Díaz-Gutiérrez J, Martínez-González MÁ, Pons Izquierdo JJ, González-Muniesa P, Martínez JA, Bes-Rastrollo M. 

Living at Higher Altitude and Incidence of Overweight/Obesity: Prospective Analysis of the SUN Cohort. PLoS 

One (2016) 11:e0164483. doi:10.1371/journal.pone.0164483 

10. Woolcott OO, Castillo OA, Gutierrez C, Elashoff RM, Stefanovski D, Bergman RN. Inverse association between 

diabetes and altitude: A cross-sectional study in the adult population of the United States. Obesity (2014) 

22:2080–2090. doi:10.1002/oby.20800 

11. Norboo T, Stobdan T, Tsering N, Angchuk N, Tsering P, Ahmed I, Chorol T, Kumar Sharma V, Reddy P, Singh SB, 

et al. Prevalence of hypertension at high altitude: cross-sectional survey in Ladakh, Northern India 2007-2011. 

BMJ Open (2015) 5:e007026-2014–007026. doi:10.1136/bmjopen-2014-007026 [doi] 

12. Lopez-Pascual A, Bes-Rastrollo M, Sayón-Orea C, Perez-Cornago A, Díaz-Gutiérrez J, Pons JJ, Martínez-González 

MA, González-Muniesa P, Alfredo Martínez J. Living at a geographically higher elevation is associated with lower 

risk of metabolic syndrome: Prospective analysis of the SUN cohort. Front Physiol (2017) 7:1–9. 

doi:10.3389/fphys.2016.00658 



RESULTS (Chapter 4) 
 

85 
 

13. Burtscher M. Effects of Living at Higher Altitudes on Mortality: A Narrative Review. aging Dis (2014) 5:274–280. 

doi:10.14336/AD.2014.0500274 

14. Ezzati M, Horwitz ME, Thomas DS, Friedman AB, Roach R, Clark T, Murray CJ, Honigman B. Altitude, life 

expectancy and mortality from ischaemic heart disease, stroke, COPD and cancers: national population-based 

analysis of US counties. J Epidemiol Community Health (2012) 66:e17. doi:10.1136/jech.2010.112938 [doi] 

15. Youk AO, Buchanich JM, Fryzek J, Cunningham M, Marsh GM. An Ecological Study of Cancer Mortality Rates in 

High Altitude Counties of the United States. High Alt Med Biol (2012) 13:98–104. doi:10.1089/ham.2011.1051 

16. Bigham AW, Wilson MJ, Julian CG, Kiyamu M, Vargas E, Leon-Velarde F, Rivera-Chira M, Rodriquez C, Browne 

VA, Parra E, et al. Andean and Tibetan patterns of adaptation to high altitude. Am J Hum Biol (2013) 25:190–

197. doi:10.1002/ajhb.22358 [doi] 

17. Valverde G, Zhou H, Lippold S, de Filippo C, Tang K, Lopez Herraez D, Li J, Stoneking M. A novel candidate 

region for genetic adaptation to high altitude in Andean populations. PLoS One (2015) 10:e0125444. 

doi:10.1371/journal.pone.0125444 [doi] 

18. Baracco R, Mohanna S, Seclén S. A Comparison of the Prevalence of Metabolic Syndrome and Its Components in 

High and Low Altitude Populations in Peru. Metab Syndr Relat Disord (2007) 5:55–62. doi:10.1089/met.2006.0019 

19. Lindgärde F, Ercilla MB, Correa LR, Ahrén B. Body Adiposity, Insulin, and Leptin in Subgroups of Peruvian 

Amerindians. High Alt Med Biol (2004) 5:27–31. doi:10.1089/152702904322963663 

20. Castillo O, Woolcott OO, Gonzales E, Tello V, Tello L, Villarreal C, Méndez N, Damas L, Florentini E. Residents 

at High Altitude Show a Lower Glucose. High Alt Med Biol (2007) 8:307–311. doi:10.1089/ham.2007.8407 

21. Picón-Reátegui E. Intravenous Glucose Tolerance Test at Sea Level and at High Altitudes. J Clin Endocrinol Metab 

(1966) 21:1177–1180. 

22. Sherpa LY, Deji, Stigum H, Chongsuvivatwong V, Thelle DS, Bjertness E. Obesity in Tibetans aged 30-70 living at 

different altitudes under the North and South faces of Mt. Everest. Int J Environ Res Public Health (2010) 7:1670–

1680. doi:10.3390/ijerph7041670 

23. Faeh D, Moser A, Panczak R, Bopp M, Roosli M, Spoerri A, Group SNCS. Independent at heart: persistent 

association of altitude with ischaemic heart disease mortality after consideration of climate, topography and 

built environment. J Epidemiol Community Health (2016) 70:798–806. doi:jech-2015-206210 [pii] 

24. Palmer BF, Clegg DJ. Ascent to altitude as a weight loss method: the good and bad of hypoxia inducible factor 

activation. Obesity (Silver Spring) (2014) 22:311–317. doi:10.1002/oby.20499 [doi] 

25. McElroy MK, Gerard  a, Powell FL, Prisk GK, Sentse N, Holverda S, West JB. Nocturnal O2 enrichment of room 

air at high altitude increases daytime O2 saturation without changing control of ventilation. High Alt Med Biol 

(2000) 1:197–206. doi:10.1089/15270290050144190 

26. West JB. Commuting to high altitude: value of oxygen enrichment of room air. High Alt Med Biol (2002) 3:223–

235. doi:10.1089/15270290260131948 [doi] 

27. Nielsen HB. Arterial desaturation during exercise in man: implication for O2 uptake and work capacity. Scand J 

Med Sci Sports (2003) 13:339–358. doi:325 [pii] 

28. Valdes S, Maldonado-Araque C, Garcia-Torres F, Goday A, Bosch-Comas A, Bordiu E, Calle-Pascual A, Carmena 

R, Casamitjana R, Castano L, et al. Ambient temperature and prevalence of obesity in the Spanish population: 

The Di@bet.es study. Obesity (Silver Spring) (2014) 22:2328–2332. doi:10.1002/oby.20866 [doi] 



RESULTS (Chapter 4) 

86 
 

29. Yang HK, Han K, Cho J-H, Yoon K-H, Cha B-Y, Lee S-H. Ambient Temperature and Prevalence of Obesity: A 

Nationwide Population-Based Study in Korea. PLoS One (2015) 10:e0141724. doi:10.1371/journal.pone.0141724 

30. Huerta-Sánchez E, Degiorgio M, Pagani L, Tarekegn A, Ekong R, Antao T, Cardona A, Montgomery HE, Cavalleri 

GL, Robbins PA, et al. Genetic Signatures Reveal High-Altitude Adaptation in a Set of Ethiopian Populations. Mol 

Biol Evol (2013) 30:1877–1888. doi:10.1093/molbev/mst089 

31. Haukoos JS. Advanced Statistics: Bootstrapping Confidence Intervals for Statistics with “Difficult” Distributions. 

Acad Emerg Med (2005) 12:360–365. doi:10.1197/j.aem.2004.11.018 

 

 

 

 

 

 

 

 

 

 

 



 

  

Chapter 5 

 

Inflammation stimulates HIF-1α regulatory activity in 3T3-L1 adipocytes with 

conditioned medium from LPS-activated RAW 264.7 macrophages 

 

Amaya Lopez-Pascual 1,2, Silvia Lorente-Cebrián 1,2,3, María J. Moreno-Aliaga 1,2,3,4, J. Alfredo Martinez 1,2,3,4 *, Pedro 

González-Muniesa 1,2,3,4 * 

 

1 University of Navarra, Department of Nutrition, Food Science and Physiology, School of Pharmacy and Nutrition, 

Pamplona, Spain  

2 University of Navarra, Centre for Nutrition Research, School of Pharmacy and Nutrition, Pamplona, Spain 

3 IdiSNA Navarra’s Health Research Institute, Pamplona, Spain 

4 CIBERobn Physiopathology of Obesity and Nutrition, Centre of Biomedical Research Network, ISCIII, Madrid, Spain  

 

* These authors contributed equally to this work. 

 

 

 

 

 

 

Journal of Cellular Physiology 

Under review 

 

 

Impact factor (2016): 4.080 

16/84 in Physiology 

68/190 in Cell Biology 

 



 

  



RESULTS (Chapter 5) 
 

89 
 

 

 

Abstract 

 

Obesity is a multifactorial, chronic, inflammatory disease that involves different processes, such as adipose tissue 

hypoxia. The aim of the present study was to characterize the effects of Conditioned Medium (CM) from LPS-activated 

macrophages on the regulation of HIF-1α-related genes in murine adipocytes. 

For the in vitro analyses, 3T3-L1 murine adipocytes (9 days post-differentiation) were incubated either in CM (25% medium 

of RAW 264.7 murine macrophages with 24 h 500 ng/ml LPS), LPS at 500 ng/ml or Hypoxia (Hx; 1% O2, 94% N2, 5% CO2), 

for 24 h. For the in vivo experiments, mice were fed a high-fat diet. 

Both epididymal adipose tissue (eWAT) and adipocytes in CM showed an up-regulation of Glut1, Mcp1, Il10, Tnf and Il1b. 

The secretion of IL-6, TNF-α and MCP-1 was also increased in CM-treated adipocytes. Moreover, raised levels of HIF-1α 

subunit and NF-B p65 were found after CM treatment, linking hypoxia and inflammation. HIF-1α directly bound Vegfa 

and Ucp2 genes, up- and down-regulating its expression, respectively. Furthermore, the oxygen consumption rate was 

30% lower in CM. The siRNA knock-down of Mtor reversed the induction of HIF-1α found in CM. 

CM simulated with macrophage infiltration seems to be a similar environment to an abnormally enlarged eWAT. We have 

evidenced that HIF-1α has a regulatory role in the expression of Vegfa and Ucp2 in CM. Finally, the inhibition of the mTOR 

pathway prevented the HIF-1α activation induced by CM. The involvement of HIF-1α under pro-inflammatory conditions 

gives insight into the origins of hypoxia in obesity.  
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1. Introduction 

Obesity and the associated comorbidities are characterized by a chronic mild inflammatory status resulting from the 

interaction of a wide variety of mechanisms (Milagro et al., 2013; Van Der Klaauw and Farooqi, 2015). In obesity, an 

excessive amount of body fat mass leads to adipose tissue remodeling that involves the recruitment and activation of 

immune cells (Medzhitov, 2008). In this complex inflammatory process, several triggering effects have been proposed, 

including endoplasmic reticulum stress, oxidative stress and adipose tissue hypoxia (Gonzalez-Muniesa et al., 2015; 

Norouzirad et al., 2017). However, the origin of the pro-inflammatory signaling in obesity and its role with other medical 

conditions remains uncertain (Reilly and Saltiel, 2017).  

The hypoxia-inducible factor 1 (HIF-1) acts as master regulator of oxygen homeostasis (Semenza, 2014a). HIF-1 

transcription factor is a heterodimer composed of constitutively expressed HIF-1β and inducible expressed HIF-1α 

subunits, which bind to specific DNA sequences known as hypoxia response elements (HREs) (Semenza, 2014b). The 

protein stability is negatively regulated by the von Hippel-Lindau dependent-ubiquitination and subsequent proteasomal 

degradation in normoxia (Jaakkola et al., 2001). HIF-1 regulates the transcription of numerous genes involved in vascular 

development, glucose and energy metabolism, iron metabolism, and cell proliferation and viability (Semenza, 2014b; 

Norouzirad et al., 2017). Under certain metabolic conditions the mammalian target of rapamycin (mTOR), a downstream 

target of Akt, modulates transcriptional activity through the NF κB, STAT3, HIF-1α and PPARγ pathways in a cell-type 

specific manner (Weichhart et al., 2015). Furthermore, some HIF-1α inhibitors act via PI3K/AKT/mTOR pathway (Lee et 

al., 2015). Alongside the role of HIF-1 in hypoxic response, some physiological stimuli can induce its activation under 

normoxic conditions (Blouin et al., 2004; Nishi et al., 2008). This regulatory response has been previously linked to 

reactive oxygen species (ROS) production (Brunelle et al., 2005). 

The interplay between the mechanisms in this inflammatory process makes the treatment of obesity particularly difficult 

(Van Der Klaauw and Farooqi, 2015; Saltiel, 2016; Reilly and Saltiel, 2017). For this reason, the prospective of achieving 

a comprehensive therapy is poor (Saltiel, 2016). The increased prevalence of obesity and related comorbidities has 

promoted the study of adipocyte biology, interactions with other cell types and the maturation process involved in adipose 

tissue expansion (Armani et al., 2010; Pereira-Lancha et al., 2012; Ruiz-Ojeda et al., 2016). In this sense, there is a 

growing need for novel experimental models of obesity and its comorbidities, which should include the pathways affected 

by the disease, in order to study the possible causes and potential therapeutic targets (Armani et al., 2010). Animal 

models of obesity are of great value in the study of obesity physiopathology as they provide information under relatively 

controlled conditions. While induced obesity in rodents is commonly used for environmental determinants of obesity (e.g. 

diet, sedentarism), genetically modified animals are useful for investigating monogenic metabolic alterations (Pereira-

Lancha et al., 2012). However, these studies have some ethical and financial limitations (Ruiz-Ojeda et al., 2016). For 

this reason, in vitro models have emerged as a good choice for mechanistic experiments (Armani et al., 2010). The 3T3-

L1 cell line is well-established as preadipocytes that could differentiate into adipocytes under adipogenic agents. Co-

cultures of adipocytes with other cell types are a good way to understand the multiple metabolic connections between 

fat depots and other tissues (Ruiz-Ojeda et al., 2016). Studies based on co-cultures of macrophages and adipocytes have 

shown that some factors released by expanding adipose tissue are able to induce the pro-inflammatory response in 

macrophages that contributes to insulin resistance in adipocytes (Lumeng et al., 2007). Nevertheless, the extent of the 

interaction between different organs in obesity related diseases is still unclear (O’Hara et al., 2009; Reilly and Saltiel, 

2017).  

Therefore, it is necessary to examine the changes in adipocytes co-cultured with macrophages and their effects on genetic 

and biochemical markers of inflammation and hypoxia. This approach could help establish a reliable cell culture model 

of macrophage infiltration for the study of obesity and metabolic conditions. In this study, we used RAW264.7 activated 

macrophages (with lipopolysaccharide, LPS) and murine 3T3-L1 adipocytes to explore the possible role of inflammation 
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on the regulation of adipocyte HIF-1 transcriptional activity. The resulting in vitro model appears to be similar to the 

obesity physiopathological conditions and could thereby be used to test new therapeutic approaches in cell culture. Thus, 

the objective of this investigation was first to characterize the effect of Conditioned Medium (CM) from LPS-activated 

macrophages on the regulation of HIF-1α-related genes in murine adipocytes and second, to establish an in vitro model 

for the study of hypoxia, inflammation and adipocyte function.  

 

2. Material and methods 

2.1. Cell culture 

Mouse 3T3-L1 preadipocytes and RAW 264.7 macrophages (ATCC® CL-173™ and TIB-71™ respectively) were cultured and 

maintained in DMEM (Gibco, NZ) with 25 mM glucose, supplemented with 10% (v/v) heat-inactivated bovine serum or 

fetal bovine serum, (Invitrogen, NZ) respectively, and 100 U/ml penicillin-streptomycin (Invitrogen, NZ) in a humidified 

atmosphere of 5% CO2 at 37 ºC in a standard incubator. The 3T3-L1 preadipocytes were cultured preventing cells from 

reaching confluence (50,000 cells/cm2), until they were ready for treatment. At confluence, preadipocytes were 

differentiated for 48 h in complete medium (DMEM containing 25 mM glucose, 10% fetal bovine serum, and antibiotics), 

and supplemented with dexamethasone (1 μM; Sigma, MO, US), isobutylmethylxantine (0.5 mM; Sigma, MO, US), and 

insulin (10 μg/ml; Sigma, MO, US). After that, the media were replaced with complete medium and insulin for 48 h. Then, 

four days post-confluence the media were replaced with complete medium and changed every 2 days until day 9 post-

confluence, when cells acquired the morphology and typical features of mature adipocytes.  

 

2.2. In vitro treatments 

RAW 264.7 cells were incubated for 24 h with lipopolysaccharide (LPS from Escherichia coli K12, InvivoGen, CA, US) at 

500 ng/ml prior to adipocyte treatment to promote macrophage activation as previously described (Lumeng et al., 2007; 

O’Hara et al., 2012). Adipocytes were exposed to three different conditions to compare with negative control media 

(without inflammatory/hypoxic stimuli): LPS at 500 ng/ml, hypoxia (Hx; 1% O2, 94% N2, 5% CO2) and CM from previously 

LPS-activated macrophages at 25% in complete medium after centrifugation to prevent floating cells and debris. LPS and 

Hx groups were considered positive controls for inflammation and hypoxic environment respectively, and therefore were 

only used in protein and gene expression assays. The CM was used to simulate the macrophage infiltration, as it has been 

previously linked to inflammation, macrophage infiltration and lipid accumulation (O’Hara et al., 2012). The 

supernatants, intracellular proteins and total RNA were collected with their appropriate reagent and stored at −20°C for 

subsequent assays. 

 

2.3. Diet-induced obesity mice 

Seven-week-old male mice (C57BL/6J background; Harlan Laboratories, ES) were housed under controlled conditions 

(light cycles of 12-h light/dark; temperature 22 ± 2°C; relative humidity 55 ± 10%) with free access to water. After a 7-d 

acclimation period, mice were separated into 2 groups: a control group fed a standard diet (n = 5) and a high-fat diet 

(HFD) fed group to cause a Diet-Induced Obesity (DIO) (n = 5). Animals were fed these diets ad libitum for 3 months. 

Standard diet had a macronutrients distribution of 20% kcal protein, 67% kcal carbohydrates and 13% kcal lipids (Teklad 

Global 2014, Harlan Laboratories, IN, US). HFD had a caloric distribution of macronutrients of 20% protein, 20% 

carbohydrates and 60% lipids (D12492; Research Diets, NJ, US). At the indicated time point, mice were euthanized and 

epididymal white adipose tissue (eWAT) samples were collected, frozen in liquid nitrogen and stored at −80°C. All 
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experimental procedures were performed according to the institutional guidelines for the use of laboratory animals and 

approved by the University of Navarra Ethics Committee (Protocol 029-12).  

 

2.4. Determination of biochemical markers  

Glucose (Hk-CP; Horiba, FR), lactate (A11A01721; ABX Diagnostic, FR) and glycerol (GLY 105; Randox Laboratories, UK) 

levels from supernatants were measured with a PENTRA C200 autoanalyzer (Horiba, FR) after the 24h treatment. Glucose 

uptake was estimated by the difference between the content of glucose in the culture media at the beginning and at the 

end of the experiment. The anaerobic metabolism was calculated through the lactate generated over glucose 

consumption (percentage of mmoles lactate from consuming one mmole glucose within an incubation period) (Pérez-

Matute et al., 2005). The results were normalized to total protein content.  

 

2.5. Analysis of gene expression by real-time PCR 

Treated cells and eWAT were processed with QIAzol reagent (Qiagen, NL). Total RNA was extracted according to the 

manufacturer’s instructions. A total of 1.5 μg RNA were retro-transcribed to cDNA using MultiScribe™ MuLV and random 

primers (High-Capacity cDNA Reverse Transcription Kit; Applied Biosystems, CA, US). The primers were designed using 

the Primer-Blast software from National Center for Biotechnology Information (NCBI, MD, US; 

https://www.ncbi.nlm.nih.gov/tools/primer-blast/), according to published cDNA and genomic sequences. Real-time 

quantitative PCR (q-PCR) was performed in an ABI Prism 7900HT Fast System Sequence Detection System (Applied 

Biosystems, CA, US) equipped with the SDS Software (Version 2.4.1) using SYBR Green (Power SYBR® Green PCR Master 

Mix; Applied Biosystems, CA, US) with melting temperatures ranging from 58 to 60°C. A 2-fold dilution series was prepared 

from pooled cDNA samples of 3T3-L1 differentiated adipocytes to evaluate primer efficiency and specificity as previously 

described (Pfaffl, 2001). The relative expression was determined by the 2−ΔΔCt method after internal normalization to 18S 

rRNA. Primer sequences are summarized in the Supplemental Table 1.  

 

2.6. ELISA measurements 

Secreted Adiponectin (ADIPOQ), Interleukin-6 (IL-6), Monocyte Chemoattractant Protein-1 (MCP-1) and Tumor Necrosis 

Factor alpha (TNF-α were measured in the supernatants using commercial ELISA kits (DY1065, DY406, DY479 and DY410 

respectively; R&D, ES). Intracellular levels of the transcription factors Hypoxia Inducible Factor-1 alpha (HIF-1α) and 

Nuclear Factor Kappa B p65 (NF-kB pS536) were also determined with ELISA kits (DYC1935; R&D, ES. and ab176647; 

Abcam, UK respectively) following the guidelines of the supplier. The results were normalized to total protein content, 

determined using the Pierce BCA assay (Thermo Fisher Scientific, IL, US).  

 

2.7. Oxygen consumption measurement 

The mitochondrial function of mature 3T3-L1 adipocytes was determined using Seahorse Extracellular Flux 24 (XF24) 

Analyser (Agilent Technologies, CA, US). Adipocytes were incubated in XF24 microplates for 9 days post-confluence. Cells 

were washed thoroughly with the assay medium (unbuffered DMEM supplemented with 50 mM glucose and 1 mM sodium 

pyruvate) 1 h prior the assay and incubated in a CO2-free incubator at 37ºC. After incubation, microplates were loaded 

into the XF24 Analyser. During the assay, oligomycin (1 μg/mL), carbonylcyanide-4-(trifluoromethoxy) phenylhydrazone 

(FCCP; 0.6 μM), and a mixture of rotenone and antimycin A (2 μM each one), were sequentially injected for oxygen 

consumption rate (OCR) measurement to obtain the values of basal mitochondrial respiration, ATP-linked, proton leak, 
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maximal respiratory capacity, reverse capacity and non-mitochondrial respiration. The results were normalized to total 

protein content.  

 

2.8. Chromatin Immunoprecipitation  

The identification of HIF-1α-binding sites of 17 metabolism-related genes was performed by applying bioinformatics 

predictions (PROMO web version 3.0.2 http://alggen.lsi.upc.es/)(Messeguer et al., 2002). For the in vitro analyses, 9 

days post-confluence 3T3-L1 adipocytes were incubated in CM for 24 h as described in section 2.2. Chromatin 

immunoprecipitation (ChIP) assay was carried out using the ChIP-IT® Express Enzymatic kit (Active Motif, CA, US) 

according to manufacturer’s instructions. Chromatin was immunoprecipitated using mouse monoclonal antibody to HIF-

1α (NB100-105; Novus Biologicals, CO, US). Briefly, ChIP involves the immunoprecipitation of protein/DNA complexes that 

have been stabilized via cross-linking using formaldehyde fixation. Following immunoprecipitation, the protein/DNA 

cross-linking is reversed, proteins are removed and DNA is eluted, thereby leaving DNA ready for downstream analysis. 

Real time q-PCR for DNA quantification employed SYBR Green gene expression assays in an ABI Prism 7900HT Fast System 

Sequence Detection System (Applied Biosystems, CA, US). Fold-enrichment at each locus was calculated using the ΔCt 

method. Primer sequences are given in Supplemental Table 2.  

 

2.9. Gene Silencing experiments  

Preadipocytes were seeded on 24-well plates and differentiated as described in section 2.1. To optimize transfection 

efficiency, the BLOCK-iT Alexa Fluor Red Fluorescent Oligo control (Applied Biosystems, CA, US) was transfected into 

mature adipocytes (7 days post-differentiation) using the DeliverX™ Plus siRNA Transfection Kit (Panomics, FR). 

Transfection complex was prepared in the dilution buffer provided following the kit’s guidelines, at a ratio of 1:4. 

Transfection efficiency was monitored with pictures taken at 24-, 48- and 72h, and fluorescence was measured at 72 h 

using a POLARstar spectrofluorometer plate reader (BMG Labtechnologies, DE), at an excitation wavelength of 550 and 

an emission of 570 nm (Supplemental Fig. 1). Adipocytes were transfected with 50nM of a siRNA specific against Mtor on 

day 7 post-differentiation using the DeliverX™ Plus siRNA Transfection reagent. Transfection complex was prepared in the 

dilution buffer provided in the kit, at a ratio of 1:10 in order to prevent cytotoxicity. The Mtor siRNA (sc-35410; Santa 

Cruz Biotechnology, CA, US) is a pool of 3 target-specific 19–25 nt RNAs designed to knock-down Mtor gene expression. 

After transfection, cells were maintained in a standard incubator for 24 h. Media were changed with CM treatment 

without antibiotics for 24 h. Silencing of target gene expression was evaluated 3 days post-transfection through q-PCR in 

an ABI Prism 7900HT Fast System Sequence Detection System (Applied Biosystems, CA, US) equipped with the SDS Software 

(Version 2.4.1) using SYBR Green (Power SYBR® Green PCR Master Mix; Applied Biosystems, CA, US) with a melting 

temperature of 60°C. Primer sequences are summarized in the Supplemental Table 1. 

 

2.10. Statistical analysis 

Data are presented as mean and standard deviation (SD). Statistical significance of more than two groups was analyzed 

by one-way ANOVA followed by Tukey post hoc test for multiple comparisons and unpaired Student’s t-test for 

comparisons between two groups. For the non-parametric statistics of more than two groups Kruskal-Wallis test was used 

followed by Dunn test for post hoc comparisons and for two groups Mann-Whitney U test. Linear prediction analyses were 

used to assess the associations between gene expression and HIF-1α-gene binding. Statistical analyses and graphs were 

performed using Prism 5.0 software (Graph-Pad Software Inc., CA, US). Values of p<0.05 were considered as statistically 

significant. 
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3. Results 

3.1. Anaerobic metabolism is induced with Conditioned Medium 

 To assess the effect of simulated macrophage infiltration (CM), pro-inflammatory (LPS) and hypoxic (Hx) stresses on 

several energy-related metabolic pathways, glucose uptake, lactate production and glycerol release were determined in 

the supernatants after the 24 h treatments and normalized by total protein content. In adipocytes, the glucose uptake 

was only significantly increased in CM group as compared to the control, while lactate production was significantly 

increased in the CM and Hx groups when compared to the control (Table 1). LPS-activated macrophages increased both 

glucose uptake and lactate release after 24 h (Supplemental Fig. 2). Glycerol release was not affected by any of the 

assayed treatments in any of the cell lines. The anaerobic metabolism was increased in CM and LPS groups as compared 

to the control.  

 

Table 1. Anaerobic metabolism is induced by CM in 3T3-L1 adipocytes. Effect of different treatments on glucose uptake, 

lactate and glycerol release. 

c   Control  CM  LPS  Hx  

Glucose uptake/total protein (mmol·L-1·mg-1)  1.33 (0.30)  3.19 (0.46)***  2.26 (0.57)  2.16 (0.23) 

Lactate/total protein (mmol·L-1·mg-1)  3.57 (0.46)  5.96 (0.78)***  4.62 (0.79)  4.67 (0.30)*  

Glycerol/total protein (mmol·L-1·mg-1)  0.64 (0.41)  0.82 (0.51)  1.11 (0.51)  0.58 (0.05)  

Glucose/lactate (%) 39.29 (3.77) 51.71 (2.17)* 50.26 (5.35)* 46.20 (3.48) 

 

Conditioned Medium (CM), Lipopolysaccharide (LPS) or Hypoxia (Hx) vs. control * p<0.05, *** p<0.001; Data (n=6 /group) 
are expressed as mean (SD). The results were normalized to total protein content. 

 

3.2. Gene expression pattern of adipocytes and eWAT  

To determine the response to different cellular stresses such as simulated macrophage infiltration, and the positive 

controls for inflammatory and hypoxic stressors, 3T3-L1 adipocytes were exposed to CM, LPS or Hx respectively for 24 h. 

Gene expression levels of metabolism-related markers were analyzed in cell culture and compared with the mouse model 

(Fig. 1). The functions of these markers are described in the Supplemental Table 3. In the heatmap, we could observe a 

greater degree of similarity between the adipocytes incubated with CM than the other conditions compared to eWAT of 

DIO mice (Fig. 1A). The most representative genes for metabolism-related comorbidities were analyzed in 3T3-L1 mature 

adipocytes (Fig. 1B) and compared to the eWAT of DIO mice (Fig. 1C). Overall, a statistically significant up-regulation of 

Glut1, Mcp1, Il10, Tnf and Il1b has been shown in eWAT from DIO mice and adipocytes in CM compared to their control 

groups (Fig. 1B and 1C). Of these, Il10 and Glut1 evidenced the same pattern in LPS group, while Il10 and Tnf were also 

up-regulated under Hx condition. However, Ddit3 was only up-regulated in adipocytes under Hx and the eWAT. The 

expression of Adipoq was down-regulated in adipocytes with CM and in those under Hx, whereas Ucp2 decreased with 

CM, but increased with LPS treatment, only in the in vitro model. In the LPS-activated macrophages, the mRNA expression 

levels of Il6, Tnf, Il1b and Ddit3 were significantly up-regulated, while Il10 and Adipoq were down-regulated 

(Supplemental Fig. 3). 
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Fig.1. Gene expression analysis of metabolism-related markers. (A) Heatmap illustration of differentially expressed 
genes. The black, gray and white colors represent higher than average, no change and lower than average expression of 
the particular gene, respectively, in log fold change as compared to untreated control. The genes corresponding to each 
row of the heatmap are on the right-hand side of the picture. The treatments represented in each column are at the top 
of the grid. (B) Relative mRNA in 3T3-L1 adipocytes. (C) Relative mRNA expression in epididymal white adipose tissue 
(eWAT). Results normalized to 18S rRNA. The treatments stand for eWAT of diet induced obesity (DIO) vs. control-fed 
mice and 3T3-L1 adipocytes with Conditioned Medium (CM), Lipopolysaccharide (LPS) or Hypoxia (Hx) vs. control * p<0.05, 
** p<0.01, *** p<0.001; Data (n=6 /group for cell culture and n=5 /group for mice) are expressed as mean (SD).  

 

3.3. Adipokine secretion is dysregulated with Conditioned Medium  

To evaluate whether simulated macrophage infiltration was able to modify the inflammatory state, the production and 

release of adipokines was determined in supernatants after 24h treatments. The levels of IL-6, TNF-α and MCP-1 were 

significantly increased (p<0.001) under CM but not under LPS or Hx conditions (Fig. 2A-C). ADIPOQ did not change in any 

treatment group (Fig. 2D). To confirm the M1 macrophage phenotype, the secretion of cytokines was also anlayzed in 

LPS-activated macrophages. Thus, IL-6, TNF-α and MCP-1 were significantly increased (p<0.001) after 24 h of LPS 

treatment (Supplemental Fig. 4). 
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Fig. 2. Dysregulation of adipokine secretion in 3T3-L1 adipocytes treated with CM. (A) IL-6, (B) TNF-α, (C) MCP-1 and (D) 
ADIPOQ secretion of 3T3-L1 adipocytes after 24 h incubation with Conditioned Medium (CM), Lipopolysaccharide (LPS) or 
Hypoxia (Hx) vs. control *** p<0.001; Data (n=6 /group) are expressed as mean (SD). The results were normalized to total 
protein content. 

 

3.4. Regulation of transcription factor activation in adipocytes  

To explore the potential molecular mechanisms linking hypoxia and inflammation in 3T3-L1 adipocytes, the levels of the 

master regulators of these pathways were measured. HIF-1α total protein and NF-B p65 were significantly increased in 

both CM and Hx groups (Fig. 3). HIF-1α total protein was also increased in LPS-activated macrophages, but NF-B p65 

remained unchanged (Supplemental Fig. 5). 

 

Fig. 3. Hypoxic and inflammatory master transcription factors increased with CM and Hx in 3T3-L1 adipocytes. (A) HIF-
1α total protein and (B) NF-B p65 content in 3T3-L1 adipocytes treated with Conditioned Medium (CM), 
Lipopolysaccharide (LPS) or Hypoxia (Hx) vs. control * p<0.05, *** p<0.001. Data (n=6 /group) are expressed as box plots 
(median and interquartile range). The results were normalized to total protein content. 
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3.5. Cellular respiration is impaired by Conditioned Medium 

To further characterize the response of adipocytes simulated macrophage infiltration stress, the oxygen consumption 

rate of 3T3-L1 mature adipocytes treated with CM was determined. Basal respiration was 30% lower in CM compared to 

control group (p<0.01), mainly due to the antimycin A/rotenone electron transport chain inhibition (p<0.05) (Fig. 4).  

 

Fig. 4. Oxygen consumption rate decreased in 3T3-L1 adipocytes treated with CM. (A) The Seahorse Extracellular Flux 
assay. Oxygen consumption rate is measured before and after adding pharmacological agents to adipocytes. Firstly, total 
cellular oxygen consumption is measured. Next oligomycin, an inhibitor of adenosine-5’-triphosphate (ATP) respiration, 
is added. After that, carbonyl cyanide-p-trifluoromethoxyphenyl- hydrazon (FCCP) is incorporated. This protonophore 
collapses the inner membrane gradient by making it permeable to protons. Finally, antimycin A, a complex III inhibitor, 
and rotenone, a complex I inhibitor, are added to shut down electron transport chain function. (B) Parameters of 
mitochondrial function calculated from the bioenergetic profile. Basal respiration was calculated from subtracting non-
mitochondrial respiration to the total oxygen consumption. This quantity can be subtracted from the total cellular oxygen 
consumption to determine ATP-linked respiration and non-mitochondrial respiration can be subtracted from this quantity 
to obtain proton-leak respiration. Subtracting non-mitochondrial respiration from this quantity produces a measure of 
maximum respiratory capacity. Finally, reserve capacity is calculated by subtracting basal respiration from maximum 
respiratory capacity. Conditioned Medium (CM) vs. control * p<0.05, ** p<0.01, *** p<0.001; Data (n=10 /group) are 
expressed as mean (SD). 

 

3.6. HIF-1α transcriptional activity is enhanced by Conditioned Medium 

To investigate the potential role of simulated macrophage infiltration stress on hypoxic signaling, an immunoprecipitation 

assay was carried out with an anti- HIF-1α antibody in 3T3-L1 mature adipocytes treated with CM. The bioinformatics 

predictions identified HIF-1α-binding sites for 17 of those metabolism-related genes previously analyzed. Of those genes, 

those that changed similarly in eWAT of DIO mice and CM treated 3T3-L1 adipocytes compared to their controls were 

further analyzed by q-PCR (Fig. 5 and Supplemental Fig. 6). The ChIP-q-PCR assay showed that HIF-1α directly bound to 

HIF-responsive elements (HRE) in Vegfa and Ucp2 genes, thus, regulating its expression (Fig. 5). The conditioned medium 

increased the binding of HIF-1α at Vegfa (p<0.001) whereas it suppresses the enrichment at the Ucp2 gene (p<0.05).  
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Fig. 5. CM enhances the transcriptional activity of HIF-1α in 3T3-L1 adipocytes. Validation of binding regions detected by 
bioinformatics predictions with ChIP-q-PCR of (A) Ucp2 and (B) Vegfa. Results shown as relative enrichment to genomic 
input DNA. CM vs. control *p<0.05, *** p<0.001; Data (n=4 control/5 CM) are expressed as mean (SD). (C) Linear prediction 
analysis between mRNA relative expression and HIF-1α enrichment (% input) Ucp2 and (D) Vegfa. The shape represents 
the 95% CI and the straight line the fitted values for the model. White symbols for controls and black for CM; r2, coefficient 
of determination, represent the association between the variable values; B, regression coefficient, represents the slope 
in the equation. 

 

3.7. mTOR is involved in HIF-1α activation by Conditioned Medium  

Given the HIF-1α increase in CM treated adipocytes we sought to determine whether the mTOR pathway was involved in 

the hypoxic-signaling. Therefore, a siRNA was used to transiently knock-down Mtor in 3T3-L1 adipocytes. A statistically 

significant reduction in HIF-1α subunit (p<0.05) was found in adipocytes transfected with Mtor siRNA for 24h prior to CM 

treatment, compared to cells incubated with DeliverX™ Plus as a vehicle prior to CM (Fig. 6). Transfection efficiency of 

Mtor was about 18% as compared to non-transfected cells, although non-significant due to a small number of samples 

(n=2). 
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Fig.6. Mtor knock-down reversed the induction of HIF-1α 
by CM in 3T3-L1 adipocytes. HIF-1α total protein in Mtor 
siRNA vs. DeliverX™ Plus vehicle prior to Conditioned 
Medium (CM) * p<0.05; Data (n=6 /group) are expressed 
as mean (SD). The results were normalized to total 
protein content.  

 

 

 

 

4. Discussion 

In the present study, we report the effect of different pro-inflammatory stimuli that could be used as a model for in vitro 

experiments in the field of obesity and related comorbidities. The response of murine adipocytes to different cellular 

stresses was analyzed in order to find the most similar effect to the macrophage infiltration, an obesity feature (Lumeng 

and Saltiel, 2011; Exley et al., 2014; Fjeldborg et al., 2014; Bai and Sun, 2015; Gonzalez-Muniesa et al., 2015). Here, we 

have evidenced that HIF-1α plays a regulatory role in murine adipocytes in CM. Our experiments showed great similarities 

between the gene expression pattern of adipose tissue from DIO mice and CM-treated 3T3-L1 adipocytes. The raised 

secretion of adipokines in supernatants of CM treated adipocytes is comparable to the serum levels previously found in 

obesity (Leal and Mafra, 2013; Aguilar-Valles et al., 2015; Molica et al., 2015; Li et al., 2017). Although ADIPOQ release 

was not affected, previous works showed a circadian rhythmicity in the production of this protein (Garaulet et al., 2011). 

The CM was able to increase the levels of HIF-1α subunit and NF-B p65, linking hypoxia and inflammation in 3T3-L1 

adipocytes. Furthermore, the activation of HIF-1α led to a transcriptional regulation in CM treated adipocytes. On the 

other hand, oxygen sensing has been previously associated to reactive oxygen species (ROS) production, as they appear 

to be necessary to stabilize HIF-1α (Brunelle et al., 2005). UCP-2 has been reported as a reactive oxygen species (ROS) 

production controller (Arsenijevic et al., 2000) as well as a key modulator of insulin sensitivity (Zhang et al., 2001). As a 

consequence of HIF-1α activation, the establishment of new vessels (angiogenesis) is promoted (Semenza, 2014b). In our 

study, the CM increased the binding of HIF-1α at Vegfa whereas it suppresses the enrichment at the Ucp2 gene, suggesting 

a compensatory mechanism to increase tissue vascularization and a reduction in ROS control. Moreover, the OCR was 

lower and anaerobic metabolism (glucose to lactate ratio) was higher in CM treated adipocytes, which is in line with 

other obese mice studies, where lower oxygen consumption rates were found in the adipose tissue of HFD mice (da Costa 

et al., 2017). Finally, the Mtor knock-down partially prevented HIF-1α activation induced by CM treatment, suggesting a 

mTOR-dependent activation in an O2-independent manner, as previously described (Treins et al., 2002; Nishi et al., 2008; 

He et al., 2011; Semenza, 2014a; Weichhart et al., 2015). The knock-down resulted in an 18% reduced expression of Mtor, 

that could be considered a physiological silencing of the target gene instead of a complete abolishment of the expression 

that could lead to changes in other functions of the mTOR pathway (e.g. autophagy, immunity, apoptosis and cytoskeleton 

organization) (Weichhart et al., 2015).  

To our knowledge, this is the first study using a CM for the activation of both hypoxic and inflammatory pathways in 

adipocytes. Several studies applied the CM from LPS activated macrophages in adipocytes or co-cultures using transwell 

inserts of both cell types, designed to generate an inflammatory environment but not for hypoxic signaling studies 

(Suganami, 2005; O’Hara et al., 2012). Nevertheless, some authors investigated the adipocyte HIF-1α activity in response 

to obesity-associated factors such as adipogenesis, insulin, and hypoxia (Treins et al., 2002; He et al., 2011). The obese 

phenotype has shown an altered oxygen partial pressure of oxygen in adipose tissue (Gonzalez-Muniesa et al., 2015; 
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Goossens, 2017) and higher levels of hypoxia (Hosogai et al., 2007; Rausch et al., 2008; Fujisaka et al., 2013). Hypoxia 

plays a critical role in the development of obesity and a state of insulin resistance in adipocytes in a HIF-1α dependent 

process (Regazzetti et al., 2009; Yin et al., 2009; Pino et al., 2012; Matsuura et al., 2013; Petrangeli et al., 2016), with 

macrophages involved in it (Takikawa et al., 2016). It is also known that the inhibition of the proteins involved in hypoxia 

signaling in HFD mice improves adipose tissue dysfunction and insulin resistance by enhancing insulin secretion, reducing 

macrophage infiltration and inflammation (Jiang et al., 2011; Park et al., 2012; Shin et al., 2012; Sun et al., 2012; Kihira 

et al., 2014; Jun et al., 2017). On the other hand, a pseudohypoxia caused by the inhibition of oxygen sensing proteins 

has been suggested as a therapeutic approach as it suppresses lipolysis and promotes benign adipose tissue expansion 

(Michailidou et al., 2015). Recently, some authors suggested an important role of adipose HIF-1α overexpression in the 

reduction of thermogenesis through the inhibition of cellular respiration in brown adipose tissue (Jun et al., 2017). 

However, to date, there is no complete understanding of the molecular origin of obesity and its related comorbidities, 

and whether the inflammatory or the hypoxic cascade is first (Regazzetti et al., 2009). 

The mice used in our study for gene expression were extensively characterized in a previous work and used as controls in 

a larger study designed for obesity and insulin resistance therapy with lipid mediators (Martínez-Fernández et al., 2017). 

It would be interesting to test all the parameters analyzed in vitro, in both the HFD and lean mice. Albeit, the availability 

of tissues was insufficient, especially in lean mice with a small amount of adipose tissue depots. Future studies need to 

be carried out to investigate whether inflammatory cascade inhibition could block hypoxia signaling and its potential 

therapeutic consequences, in adipocytes treated with CM. However these experiments carried out in mouse cell cultures 

could have different outcomes in human in vitro adipocytes, but the availability of samples and cell lines made it suitable 

for our purposes.  

 

5. Conclusion 

The importance of the present findings is that CM-simulated macrophage infiltration in adipocytes is a close environment 

phenotypical characteristic of adipose tissue in DIO mice. During adipose tissue expansion, commonly found in obesity 

and its related comorbidities, the expression and secretion of adipokines is dysregulated. The activation of hypoxic 

cascade through inflammation gives insight into the origins of hypoxia in adipose tissue from obese subjects. This indirect 

co-culture model has the major advantage of avoiding the background given by macrophages, showing only the effect of 

CM in adipocytes. Our results show that CM containing pro-inflammatory stimuli could down-regulate ROS control and up-

regulate vascularization through HIF-1α direct binding. Moreover, we found that CM-induced HIF-1α regulation requires 

the activation of the mTOR-dependent pathway. More research in HIF-1α involvement under pro-inflammatory conditions 

is needed to clarify the role of hypoxia in obesity and the associated comorbidities.  
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Supplemental Material 

 

Supplemental Table 1. Murine qPCR primer sequences  

Gene symbol Gene name 
Entrez Gene 

ID 
  Sequence (5'→3') 

Product 

Size (bp) 

Adipoq 
adiponectin, C1Q and collagen 

domain containing 
11450 

F: gtcagtggatctgacgacaccaa 
171bp 

R: atgcctgccatccaacctg 

Angptl4 angiopoietin-like 4  57875 
F: ttccaacgccacccacttaca 

532bp 
R: accaaaccaccagccaccaga 

Ddit3 
DNA-damage inducible 

transcript 3 
13198 

F: gtccctagcttggctgacaga 
73bp 

R: tggagagcgagggctttg 

Bhlhe40 
basic helix-loop-helix family, 

member e40 
20893 

F: ggaggtgactcacagcagactgac 
106bp 

R: gcagaaatttgcccaaacca 

Glut1 
solute carrier family 2 

member 1 
20525 

F: cttcattgtgggcatgtgcttc 
134bp 

R: aggttcggcctttggtctcag 

Il1b interleukin 1 beta 16176 
F: gcaactgttcctgaactcaact 

89bp 
R: atcttttggggtccgtcaact 

Il6 interleukin 6 16193 
F: ccacttcacaagtcggaggctta 

112bp 
R: gcaagtgcatcatcgttgttcatac 

Il10 interleukin 10 16153 
F: catggcccagaaatcaagga 

91bp 
R: ggagaaatcgatgacagcgc 

Irs1 insulin receptor substrate 1 16367 
F: gcgggctgactccaagaac 

76bp 
R: gctatccgcggcaatgg 

Ldha lactate dehydrogenase A 16828 
F: ggatgagcttgcccttgttga 

142bp 
R: gaccagcttggagttcgcagtta 

Mcp1 chemokine (C-C motif) ligand 2 20296 
F: ttaacgccccactcacctgctg 

106bp 
R: gcttctttgggacacctgctgc 

Pdk4 
pyruvate dehydrogenase 

kinase, isoenzyme 4 
27273 

F: ggccatccatgtaggagaga 
107bp 

R: gcctgtgggaaataggatga 

Phd1 
egl-9 family hypoxia-inducible 

factor 2 
112406 

F: catcaatgggcgcacca 
77bp 

R: gattgtcaacatgcctcacgtac 

Phd2 
egl-9 family hypoxia-inducible 

factor 1 
112405 

F: taaacggccgaacgaaagc 
76bp 

R: gggttatcaacgtgacggaca 

Rn18s 18S ribosomal RNA 19791 
F: actcaacacgggaaacctca 

123bp 
R: aaccagacaaatcgctccac 

Tnf  tumor necrosis factor 21926 
F: catcttctcaaaattcgagtgacaa 

175bp 
R: tgggagtagacaaggtacaaccc 

Ucp1 uncoupling protein 1  22227 
F: taccaagctgtgcgatgtcca 

113bp 
R: gcacacaaacatgatgacgttcc 

Ucp2 uncoupling protein 2 22228 
F: atggttggtttcaaggccaca 

113bp 
R: ttggcggtatccagagggaa 

Vegfa 
vascular endothelial growth 

factor A 
22339 

F: gcacataggagagatgagcttcc 
105bp 

R: ctccgctctgaacaaggct 

F: Forward; R: Reverse; Bp: base pair. 
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Supplemental Table 2. Primers used to confirm chromatin enrichment by qPCR 

Gene symbol   Sequence (5'→3') Product Size (bp) 

Glut1 
F: catagttacagcgcgtcc 

131 
R: ctcggcagcacatcccta 

Il6 
F: gaaagtttaccaaccagtgcta 

62 
R: acatttagctcctgatggaca 

Tnf 
F: ctcagcaaaccaccaagtgga 

123 
R: aggtacaacccatcggct 

Phd2 
F: gccagatttgaagcctctgtt 

190 
R: gaaagtgccacgtgcctt 

Vegfa 
F: ccagagtcaccgcacgta 

146 
R: tttgcccggacttccagt 

Irs1 
F: tccttggcgcagttacct 

59 
R: tcacgctgttcctggagc 

Ucp2 
F: atcaccttctggcccgta 

82 
R: gccacctggaaccagtcc 

 

F: Forward; R: Reverse; Bp: base pair. 

 

 

Supplemental Table 3. Functions and processes of the selected protein-coding genes 

Gene  Function Process 

Adipoq Hormone Fatty acid oxidation; Glucose homeostasis 

Angptl4 Enzyme inhibitor Negative regulation of lipoprotein lipase activity 

Ddit3 DNA binding Response to endoplasmic reticulum stress 

Bhlhe40 DNA binding Negative regulation of transcription, DNA-templated 

Glut1 Transporter Glucose transport; Dehydroascorbic acid transport 

Il1b Cytokine Positive regulation of NF-κB signaling; Negative regulation of lipid metabolism 

Il6 Cytokine Negative regulation of hormone secretion; Cellular response to cytokines 

Irs1 PI3K binding Cellular response to insulin stimulus 

Ldha Lactate dehydrogenase Cellular response to extracellular stimulus 

Mcp1 Cytokine Positive regulation of monocyte chemotaxis; Cellular response to cytokines 

Pdk4 Kinase* Regulation of acetyl-CoA biosynthetic process from pyruvate* 

Phd1 Oxidoreductase* Peptidyl-proline hydroxylation*; Response to hypoxia* 

Phd2 Oxidoreductase* Peptidyl-proline hydroxylation*; Response to hypoxia* 

Tnf Cytokine Positive regulation of NF-κB signaling; Cellular response to cytokines 

Ucp1 OXPHOS uncoupler Cellular response to fatty acid; Mitochondrial transmembrane transport 

Ucp2 OXPHOS uncoupler* Negative regulation of insulin secretion*; Response to superoxide and hypoxia* 

Vegfa Growth factor Angiogenesis; Positive regulation of Akt signaling; Response to hypoxia* 

 
Data from the gene database from the NCBI. Summarized data for those processes with experimental evidence (direct 
assay) related to our study. *Inferred from sequence orthology. NF-κB: Nuclear factor kappa B; PI3K: Phosphatidylinositol 
3-kinase binding; OXPHOS: Oxidative phosphorylation. 
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Supplemental Figure 1. Transfection efficiency monitoring in 3T3-L1 adipocytes (7 days post-differentiation). (A and C) 
control cells treated with the transfection reagent DeliverX™ Plus and (B and D) with DeliverX™ Plus and BLOCK-iT Alexa 
Fluor Red Fluorescent Oligo control. A and B pictures were taken 2 h post-transfection while C and D were taken 24 h 
post-transfection. Transfection complex was prepared in the dilution buffer provided in the kit, at a ratio of 1:4 for 
efficiency assays, and 1:10 for the final experiments in order to avoid cytotoxicity. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplemental Figure 2. Effects of LPS on (A) glucose uptake, (B) lactate release, (C) glycerol release, and (D) 
glucose/lactate percentage of RAW 264.7 macrophages. Lipopolysaccharide (LPS) vs. control *** p<0.001; Data (n=6 
/group) are expressed as mean (SD). The results were normalized to total protein content. 
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Supplemental Figure 3. Relative mRNA analysis of metabolism-related markers in RAW 264.7 macrophages activated 
with Lipopolysaccharide (LPS). Results normalized to 18S rRNA. LPS vs. control ** p<0.01, *** p<0.001; Data (n=6 /group) 
are expressed as mean (SD).  

 

 

 

 

 

Supplemental Figure 4. Dysregulation of IL-6, MCP-1 and 
TNF-α secretion in RAW 264.7 macrophages treated with 
Lipopolysaccharide (LPS) vs. control *** p<0.001; Data 
(n=6 /group) are expressed as mean (SD). The results 
were normalized to total protein content. 

 

 

 

 

 

 

 

 

Supplemental Figure 5. Hypoxic and inflammatory master transcription factors increased with LPS in RAW 264.7 
macrophages. (A) HIF-1α total protein and (B) NF-B p65 content in RAW 264.7 macrophages treated with 
Lipopolysaccharide (LPS) vs. control * p<0.05, *** p<0.001; Data (n=6 /group) are expressed as box plots (median and 
interquartile range). The results were normalized to total protein content. 

 

 

Supplemental Figure 6. Venn diagram showing the number of 
metabolism-related genes with a binding site for HIF-1α (left), and the 
number of genes that changed similarly in epididymal white adipose tissue 
(eWAT) of diet induced obesity (DIO) mice and Conditioned Medium (CM) 
treated 3T3-L1 adipocytes compared to their controls (right). 
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Abstract 

 

Insulin resistance is associated with oxidative stress, mitochondrial dysfunction and a chronic low-grade inflammatory 

status. In this sense, cerium oxide nanoparticles (CeO2 NPs) are promising nanomaterials able to mimic the superoxide 

dismutase and catalase enzymes. Thus, we aimed to evaluate the effect of CeO2 NPs in mouse 3T3-L1 adipocytes, RAW 

264.7 macrophages and C2C12 myocytes under pro-inflammatory conditions. Macrophages were activated with LPS. This 

medium was used to generate a conditioned medium (CM: 25% LPS-activated macrophages medium), used in adipocytes 

and myocytes to promote inflammation. CeO2 NPs showed a mean size of ≤25.3 nm (96.7%) and a zeta potential of 

30.57±0.58 mV, suitable for cell internalization and, therefore, considered non-cytotoxic. CeO2 NPs increased reactive 

oxygen species (ROS) levels intracellularly in myocytes, while they were reduced extracellularly in adipocytes. NPs 

increased mitochondrial content in macrophages and adipocytes. After NPs treatment, the expression of Adipoq and Il10 

increased in adipocytes. In myocytes, both Il1b and Adipoq were down-regulated, while Irs1 was up-regulated. IL-6 

secretion increased in myocytes, and TNF-α, increased in macrophages treated with CeO2 NPs. Overall, our results suggest 

that CeO2 NPs could potentially have an insulin sensitizing effect specifically on adipose tissue and skeletal muscle as 

related to mitochondrial function. 
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1. Introduction 

The metabolic syndrome is a complex interplay of comorbidities including central adiposity, dyslipidemia, hyperglycemia 

and hypertension [1]. Over the last decades, this clustering of factors has been widely implicated in the pathogenesis of 

type 2 diabetes and cardiovascular disease [2, 3]. In the normal course of metabolism, the pancreatic β-cells release 

insulin which stimulates glucose, aminoacid and fatty acid uptake. However, when insulin resistance is present, as often 

happens in obese people with obesity, β-cells increase insulin secretion to maintain normal glucose tolerance [4]. 

Concerning insulin signaling, the phosphorylation of insulin substrate receptor 1 and 2 (IRS-1 and IRS-2) is a key cellular 

response for glucose uptake [5, 6]. Insulin resistance is related to many physiopathological features of metabolic 

syndrome such as the oxidative stress, mitochondrial dysfunction and a chronic low-grade inflammatory status [5–8].  

In this context, type 2 diabetes is a major public health problem, which has been extensively studied for prevention and 

therapy development [3], as there are many grades of the disease and different drug responses making the treatment 

difficult [4, 9, 10]. New therapeutic approaches should identify additional targets [11], offering a more directed and 

therefore effective treatment for type 2 diabetes [6]. Antioxidant therapy has been proposed to combat oxidative stress 

in diabetic patients [5], as well as anti-inflammatory strategies aiming an immunomodulation towards a more balanced 

insulin response [12]. In this sense, nanomedicine is being used in non-invasive approaches to treat metabolic-related 

diseases as type 2 diabetes [9]. The administration of nano-structured particles has shown a therapeutic potential due to 

a better distribution and cellular uptake than other drugs, and the trans-excitation reactions that make them able to 

take part in redox reactions [13–15]. The cerium oxide nanoparticles (CeO2 NPs) are one of the most promising 

nanomaterials for antioxidant and anti-inflammatory pharmacological applications [13, 16, 17]. Hence, CeO2 NPs have 

being proposed for diverse biological purposes such as therapy for neurodegenerative disorders, oxidative stress-related 

diseases, diabetes, chronic inflammation and cancer among others [13, 16, 18]. Moreover, cerium exists in two oxidative 

states: Ce+3 and Ce+4 [16]. The therapeutic benefit is attributed to its ability to mimic superoxide dismutase, behaving as 

efficient reactive oxygen species (ROS) scavengers (Ce+3 to Ce+4), and changing the oxidation state to mimic catalase 

activity, that reduces hydrogen peroxide releasing protons and O2 (Ce+4 to the initial Ce+3). Therefore, this self-

regenerative property renders the nanoparticles a very valuable tool for pharmacological treatment of oxidative-related 

disorders [13, 16]. Previous studies have evidenced useful properties of CeO2 NPs in the treatment of many diseases where 

the redox status is important such as macular degeneration [19], lung damage [20], liver toxicity [21], cardiac dysfunction 

[22], smoke-related cardiomyopathy [23], adipogenesis [24], and weight-gain reduction [25].  On the other hand, some 

authors described DNA damage and inflammation in lung, heart, liver, kidney, spleen and brain [26], inability to 

counteract monocyte inflammation [27], lung-cell apoptosis [28], and monocyte cell death through apoptosis and 

autophagy [29]. Consequently, the hypothesis of this study was that a treatment with nanoparticles could potentially 

attenuate type 2 diabetes features and metabolic syndrome markers in 3T3 adipocytes and C2C12 myocytes. However, 

the literature gives insight into the specific cell-type effect of this potential treatment. Thus, the objective of the present 

study was to evaluate the effect of CeO2 NPs on markers of oxidative stress, mitochondrial dysfunction and inflammation 

in mouse adipocyte, macrophage and myocyte cell cultures under pro-inflammatory conditions.  

 

2. Material and methods 

2.1. Cell cultures 

Mouse 3T3-L1 preadipocytes, C2C12 myocytes and RAW 264.7 macrophages (ATCC® CL-173™, CRL-1772™ and TIB-71™ 

respectively) were cultured in growth medium composed by DMEM (Gibco, NZ) with 25mM glucose and 100 U/ml penicillin-

streptomycin (Invitrogen, NZ), supplemented with 10% (v/v) serum. This serum was heat-inactivated bovine serum for 
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preadipocytes or fetal bovine serum for myocytes and macrophages (Invitrogen, NZ). Cells were seeded in 12-well plates 

and maintained in a humidified atmosphere of 5% CO2 at 37ºC in a standard incubator.  

When preadipocytes reached confluence, they were differentiated for 48 hours (h) in complete medium (DMEM containing 

25 mM glucose, 10% fetal bovine serum, and antibiotics), and supplemented with dexamethasone (1 mM; Sigma-Aldrich, 

MO, US), isobutylmethylxantine (0.5 mM; Sigma-Aldrich, MO, US), and insulin (10 μg/ml; Sigma-Aldrich, MO, US). The 

media were replaced with complete medium and insulin for 48 h. Four days post-confluence, cell media were replaced 

with complete medium and changed every 2 days until day 9 post-confluence. On the other hand, myocytes were 

differentiated for 48 h with complete medium (DMEM containing 25 mM glucose, 2% horse serum and antibiotics), 

supplemented with insulin (10 μg/ml). RAW 264.7 macrophages were grown in complete medium (DMEM containing 25 

mM glucose, 10% fetal bovine serum, and antibiotics) until they reached confluence, when they are ready to be treated.    

 

2.2. Treatments 

Macrophages were activated with LPS (500 ng/ml from Escherichia coli K12, InvivoGen, CA, US) for 24 h after cells had 

reached confluence. To generate a pro-inflammatory environment in vitro, conditioned medium (CM) was used to 

simulate the macrophage infiltration in adipocytes and myocytes. This pro-inflammatory medium was generated using 

25% of the medium from activated macrophages with LPS (500 ng/ml for 24 h) and 75% complete medium. To promote 

inflammation, both adipocytes and myocytes were exposed for 24 h to CM. 

CeO2 NPs used for this study (544841; Sigma-Aldrich, MO, US) were previously characterized as reported elsewhere [30]. 

Nanoparticles were diluted in ultrapure MilliQ water at a concentration of 10 mg/ml. The CeO2 NPs were first 

characterized in terms of size, dispersion and surface charge. For this purpose, CeO2 NPs were diluted in MilliQ water in 

order to ensure that the light scattering intensity was within the sensitivity range of the instrument. Particle surface 

charge was determined by Z-potential, based on the study of the surface charge through particle mobility in an electric 

field. The average particle diameter size and polydispersity index were analyzed by photon correlation spectroscopy. All 

these data were measured by laser Doppler velocimetry (Zetasizer Nano, Malvern Instruments, UK) using a quartz cell at 

25ºC with a detection angle of 90º. At least three different batches were analyzed to give an average value and standard 

deviation for the particle diameter, PDI and zeta potential. Dilutions to 50 μg/ml, 20 μg/ml and 10 μg/ml were performed 

just before the experiments with cell culture medium. The pro-inflammatory media and CeO2 NPs were added 

simultaneously to the cell cultures. The single pro-inflammatory stimulation (CM), without nanoparticles, was used as 

non-treated control. The supernatants, intracellular (total cell lysate) proteins and total RNA were collected with their 

appropriate reagent and stored at −20°C for subsequent analysis.  

 

2.3. Viability assays 

Mitochondrial metabolic activity of cells was determined by the 3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenenyl tetrazolium 

bromide (MTT; Sigma-Aldrich, MO, US) reduction assay in 96-well plates. The treatments were performed as described in 

the section above. Cells were incubated for 2h with 0.45 mg/ml MTT dye to allow the formation of the dark blue formazan 

crystals generated by living cells. Then, the medium was removed and 100 μl of solubilization solution were added to 

dissolve the crystals as described in manufacturer’s instructions. Absorbance was read with Multiskan Spectrum (Thermo 

Scientific, MA, US) at 570/630 nm wavelength. 
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2.4. ROS production 

To determine extra- and intracellular ROS concentration, 2,7-dichlorofluorescein diacetate (DCFH-DA) was used following 

the guidelines of the supplier. Briefly, cells and supernatants were incubated with 1 μM DCFH-DA for 40 min in a standard 

incubator (5% CO2 at 37ºC), then supernatants were loaded on 96-well plate and fluorescence measured using a POLAR 

star spectrofluorometer (BMG Lab technologies, DE) at 485/530 nm. Whereas cells were frozen at -80ºC for 2h and then 

lysed with 500 µl phosphate-buffered saline, then the lysates were loaded on 96-well plate following the same protocol 

used for supernatants.  

 

2.5. Mitochondrial content 

Mitochondria were labelled using MitoTracker Green FM (Molecular Probes, Life Technologies Ltd, Paisley, UK), which 

reacts with the free thiol groups of cystein residues belonging to mitochondrial proteins. Cells were incubated with this 

mitochondria-specific dye according to manufacturer’s protocol at a final concentration of 25 nM for 30 min prior to 

visualization. For fluorescence intensity quantification, a POLARstar Galaxy spectrofluorometer plate reader (BMG 

Labtechnologies, DE) was used, set up to 554 nm excitation and 576 nm emission wavelengths. Fluorescent microscopy 

was performed on living cells with ZOE Fluorescent Cell Imager (Bio-Rad Laboratories, DE). 

 

2.6. Determination of biochemical markers  

Glucose (Hk-CP; Horiba, FR), lactate (A11A01721; ABX Diagnostic, FR) and glycerol (GLY 105; Randox Laboratories, UK) 

release were measured from supernatants after the 24 h treatment with a PENTRA C200 autoanalyzer (Horiba, FR). 

Glucose uptake was calculated by the difference between glucose amount (present in the culture media) before and after 

the incubation period. The results were normalized to total protein content.  

 

2.7. Analysis of gene expression  

Total RNA was extracted from treated cells using QIAzol reagent (Qiagen, NL) according to the manufacturer’s 

instructions. A total amount of 2 μg of RNA were transcribed to cDNA using MultiScribe™ MuLV and random primers (High-

Capacity cDNA Reverse Transcription Kit; Applied Biosystems, CA, US). Real-time PCR was performed in an ABI Prism 

7900HT Fast System Sequence Detection System (Applied Biosystems, CA, US) equipped with the SDS Software (Version 

2.4.1) using SYBR Green (iQ™ SYBR® Green supermix, Bio-Rad Laboratories, DE) and primers designed with Primer-Blast 

software (National Center for Biotechnology Information, MD, USA; https://www.ncbi.nlm.nih.gov/tools/primer-blast/), 

according to published cDNA or genomic sequences (Supplementary Table S1) and with melting temperatures ranging 

from 58 to 60°C. A 2-fold dilution series was prepared from pooled cDNA samples to evaluate primer efficiency and 

specificity as described elsewhere [31]. The relative expression was determined by the efficiency-ΔΔCt method after 

internal normalization to Ppia as housekeeping gene. 

 

2.8. ELISA measurements 

Secreted Adiponectin (ADIPOQ), Interleukin-6 (IL-6), Monocyte Chemoattractant Protein-1 (MCP-1) and Tumor Necrosis 

Factor alpha (TNF-α were measured in the supernatants using commercial ELISA kits (DY1065, DY406, DY479 and DY410 

respectively; R&D, ES). The results were normalized to total protein content as determined by Pierce BCA assay (Thermo 

Scientific, IL, US).  



RESULTS (Chapter 6) 
 

115 
 

2.9. Statistical analysis 

Data are presented as mean and SEM. Statistical significance was analyzed by one-way ANOVA followed by Dunnet post 

hoc test for multiple comparisons. For the non-parametric statistics of more than two groups Kruskal-Wallis test was used 

followed by Dunn test for post hoc comparisons. Statistical analyses and graphs were performed using Prism 5.0 software 

(Graph-Pad Software Inc., CA, US). Values of p<0.05 were considered statistically significant. 

 

3. Results 

3.1. Nanoparticle characterization 

Z-potential was measured to analyze the changes on surface charge and therefore, to estimate the adherence of CeO2 

NPs to the cells. Negative or positive values are characteristic of stable colloidal systems. However, positive charges 

might provoke a certain degree of toxicity in vitro [32]. Z-potential mean formulation of CeO2 NPs was 30.57±0.58 mV. 

Formulation polydispersity index average was 0.36±0.01. This value is an indicator of the homogeneity of the formulation 

since nanoparticles with values ranging between 0 and 0.3 are considered acceptable according to dynamic light 

scattering specifications, while values higher than 0.7 indicate a wide range of distribution. Tested nanoparticles 

presented a mean size distribution as manufacturer reported (96.7% is ≤25.3 nm in MilliQ water).  

 

3.2. Cell metabolic activity  

The cytotoxic potential of the CeO2 NPs was tested using MTT assay which, in turn, measures the cell metabolic activity 

through NAD(P)H-dependent cellular oxido-reductase enzymes. Figure 1 shows the cell viability of the three different 

cell types after exposure to the nanoparticles at increasing doses ranging from 10, 20 and 50 ug/mL. The nanoparticles 

were considered not cytotoxic as the viability was higher than 90% as compared to each cell type control. However, RAW 

264.7 macrophages showed a statistically significant reduction in the cell metabolic activity at doses 20 and 50 μg/ml. 

Conversely, the effect on C2C12 myocytes was the opposite, increasing the metabolism at the dose of 50 μg/ml CeO2 

NPs.  

FIGURE 1: Cell metabolic activity in RAW 264.7 macrophages with LPS, 3T3-L1 adipocytes and C2C12 myocytes with CM 
measured with MTT assay at 24 h after CeO2 NPs treatment at 10, 20 and 50 μg/ml doses in percentage compared to non-
treated control (NP0). * p<0.05, ** p<0.01; Data (n=6 /group) are expressed as mean (SEM). CM: Conditioned medium; 
LPS: lipopolysaccharide. 
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3.3. Antioxidant activity 

Intra- and extracellular antioxidant activity of CeO2 NPs was evaluated with the fluorophore DCFH-DA. The ROS levels 

were significantly increased intracellularly in C2C12 myocytes at a dose 20 μg/ml, while a statistically significant 

reduction was found on extracellular ROS in 3T3-L1 adipocytes at a dose of 10 μg/ml (Figure 2). No statistically significant 

scavenging effects were detected in RAW 264.7 macrophages incubated with CeO2 NPs either intra- or extracellularly, as 

well as in 3T3-L1 adipocytes intracellularly and C2C12 myocytes extracellularly.  

FIGURE 2: Intra- and extracellular ROS production in RAW 264.7 macrophages with LPS, 3T3-L1 adipocytes and C2C12 
myocytes with CM measured with DCFH-DA assay at 24 h after CeO2 NPs treatment at 10, 20 and 50 μg/ml doses in fold 
change compared to non-treated control (NP0). * p<0.05; Data (n=6 /group) are expressed as mean (SEM). CM: Conditioned 
medium; LPS: lipopolysaccharide. 

 

3.4. Mitochondria quantification 

To assess the potential effects of CeO2 NPs on mitochondrial content, MitoTracker Green fluorescent probe was used. A 

statistically significant increase in the mitochondrial content was observed in both RAW 264.7 macrophages treated with 

CeO2 NPs at doses 20 and 50 μg/ml, and 3T3-L1 adipocytes at 20 μg/ml of CeO2 NPs (Figure 3). 

FIGURE 3: Mitochondrial content in RAW 264.7 macrophages with LPS, 3T3-L1 adipocytes and C2C12 myocytes with CM 
analyzed with MitoTracker green assay at 24 h after CeO2 NPs treatment at 10, 20 and 50 μg/ml doses in fold change 
compared to non-treated control (NP0). * p<0.05, ** p<0.01; Data (n=6 /group) are expressed as mean (SEM). CM: 
Conditioned medium; LPS: lipopolysaccharide. 
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3.5. Metabolic markers 

To further analyze if the CeO2 NPs treatment affects cellular metabolism, glucose uptake, lactate and glycerol release 

were determined in supernatants after 24 h of CeO2 NPs treatment. Lactate release showed a statistically significant 

increase in macrophages in pro-inflammatory conditions treated with 50 μg/ml CeO2 NPs. Beyond that, neither 

macrophages, nor adipocytes and myocytes showed an alteration in the levels of the metabolic markers determined 

(Table 1). Moreover, anaerobic metabolism (calculated through the lactate generated over glucose consumption) 

remained unchanged in all cell types (data not shown).  

 

TABLE 1. Effect of CeO2 NPs on glucose uptake, lactate and glycerol release in RAW 264.7 macrophages, 3T3-L1 adipocytes 
and C2C12 myocytes. 

 

 

Metabolic markers in RAW 264.7 macrophages with LPS, 3T3-L1 adipocytes and C2C12 myocytes with CM at 24 h after 
CeO2 NPs treatment at 10, 20 and 50 μg/ml doses in mmol/L compared to non-treated control (NP0). * p<0.05, ** p<0.01; 
Data (n=6 /group) are expressed as mean (SEM). CM: Conditioned medium; LPS: lipopolysaccharide. 

 

3.6. Gene expression patterns 

To determine whether CeO2 NPs could attenuate the pro-inflammatory stimulation with LPS or CM, the expression of 

candidate genes was measured as a screening of the pathways that potentially could be involved in the increased 

mitochondrial content. No statistically significant changes were found in mRNA expression of selected genes in RAW 264.7 

macrophages incubated with CeO2 NPs (Figure 4(a)). The expression of Adipoq significantly increased in 3T3-L1 adipocytes 

at doses of 10 and 50 μg/ml of CeO2 NPs, and Il10 at 50 μg/ml (Figure 4(b)). Furthermore, in C2C12 myocytes both Il1b 

at 20 μg/ml and Adipoq at 10 and 50 μg/ml of CeO2 NPs were down-regulated, while Irs1 showed a statistically significant 

increase at 20 and 50 μg/ml of CeO2 NPs (Figure 4(c)). Moreover, a gene expression analysis was performed in cells under 

pro-inflammatory stimuli (LPS in macrophages or CM in adipocytes and myocytes) compared to cells without inflammation 

as a control (Supplementary Figure S1) to test whether the inflammation by LPS or CM could alter the expression of 

metabolism-related markers. 

Cell type Metabolic markers NP0  NP10  NP20  NP50  

RAW 264.7 

macrophages 

Glucose 6.83 (0.32)  8.36 (0.34)  7.93 (0.61)  7.45 (0.54) 

Lactate 21.93 (0.45)  21.92 (0.64)  23.05 (0.52)  54.30 (0.71) *  

3T3-L1 

adipocytes 

Glucose 16.47 (0.89)  15.41 (1.00) 15.93 (1.01)  16.31 (1.29) 

Lactate 24.93 (1.94)  27.30 (1.38)  25.55 (0.85)  24.92 (1.18)  

Glycerol 0.63 (0.07)  0.70 (0.12)  0.63 (0.08)  0.60 (0.07) 

C2C12 

myocytes 

Glucose 12.25 (0.66)  11.30 (13.33)  10.52 (1.03)  10.20 (1.05) 

Lactate 14.61 (1.95)  15.93 (1.36)  18.46 (2.24)  18.33 (1.59)  
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FIGURE 4: Relative mRNA expression levels in RAW 264.7 macrophages with LPS (a), 3T3-L1 adipocytes with CM (b) and 
C2C12 myocytes with CM (c) at 24 h after CeO2 NPs treatment at 10, 20 and 50 μg/ml doses. Normalized to Ppia 
housekeeping gene in fold change compared to non-treated control (NP0). * p<0.05, ** p<0.01; Data (n=6 /group) are 
expressed as mean (SEM). CM: Conditioned medium; LPS: lipopolysaccharide. 
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3.7. Cytokine secretion levels 

To confirm the results found on selected mRNA expression levels that pointed out an absence of both beneficial and 

harmful effects of CeO2 NPs on inflammation, the secretion of IL-6, MCP-1 and TNF-α was measured in supernatants after 

24 h of treatment (Figure 5). A statistically significant increase of IL-6 was observed in C2C12 myocytes at dose 50 μg/ml 

(Figure 5(a)). MCP-1 levels were unaffected by the treatments in any cell type (Figure 5(b)). TNF-α increased in RAW 

264.7 macrophages at dose 50 μg/ml (Figure 5(c)). At a gene expression level, a modulation of insulin sensitizing pathway 

was induced by CeO2 NPs and thus, ADIPOQ release was measured. Nonetheless, the levels of ADIPOQ did not change 

after the CeO2 NPs treatment (Figure 5(d)). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 5: Secretion of IL-6 (a), MCP-1 
(b), TNF-α (c) and ADIPOQ (d) in RAW 
264.7 macrophages with LPS, 3T3-L1 
adipocytes and C2C12 myocytes with CM 
at 24 h after CeO2 NPs treatment at 10, 
20 and 50 μg/ml doses in ρg/total 
protein compared to non-treated 
control (NP0). * p<0.05, ** p<0.01; Data 
(n=6 /group) are expressed as mean 
(SEM). CM: Conditioned medium; LPS: 
lipopolysaccharide. 
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4. Discussion  

In this study, we have shown that murine macrophages, adipocytes and myocytes exposed to pro-inflammatory stimuli 

could improve insulin sensitivity related features at cellular level, after being treated with CeO2 NPs. This research 

suggests that an in vitro treatment with CeO2 NPs, concomitantly with pro-inflammatory stimuli, does not seem to alter 

the response of the oxidative and inflammatory pathways. However, a potential effect on insulin resistance and 

mitochondrial function was found in metabolic syndrome-related cell lines (myocytes and adipocytes). The effect of some 

insulin sensitizing molecules such as CeO2 NP on gene expression could be related to the increased mitochondrial content, 

as type 2 diabetes features are related to lower mitochondria presence [7]. 

Oxidative stress and inflammation activates the gene transcription of many inflammatory factors, some of them are 

subsequently translated into secreted cytokines, which are proteins that are released and act to nearby (paracrine) or 

distant (endocrine) cells. The increased levels of pro-inflammatory cytokines (TNF-α, IL-6, IL-1β) have been found to be 

important contributors to the underlying processes of the development of metabolic syndrome [5]. Although the 

implication of IL-6 has tended to be on pro-inflammatory signaling activation, recent studies suggested a dual role in the 

homeostatic control of metabolism, for instance, mice lacking Il6 gene develop insulin resistance and liver inflammation, 

while patients receiving a IL-6R blocking drug therapy increased body weight and developed dyslipidemia [33]. Moreover, 

the skeletal muscle-derived IL-6 has been suggested to have beneficial effects, modulating glucose and fatty acid 

metabolism during exercise, but also contributing to the development of insulin resistance when chronically elevated 

[34]. In our experiments, CeO2 NPs treatment increased IL-6 release in myocytes under pro-inflammatory conditions, 

which could influence insulin sensitivity. However, no significant changes were observed in metabolic markers (glucose, 

lactate, glycerol) in any of the cell types assayed in this study, but an increase in lactate release on macropahges at 

50 μg/ml CeO2 NPs, which suggests that the potential benefit on insulin resistance upon CeO2 NPs treatment might rely 

on other (in vivo) mechanisms which could not be considered in our experimental setting. 

The research on the beneficial effects of nanoceria is still inconclusive, as several studies obtained contradictory findings 

about their biological activity. Several authors reported anti-inflammatory and antioxidant properties of CeO2 NPs on cell 

cultures of murine macrophages [17], cardiomyocytes [23], mesenchymal stem cells, β-cells [35] as well as neuronal-like 

cells [30]. In vivo animal studies showed beneficial effects of CeO2 NPs on preventing weight gain accompanied by a 

decrease in plasma insulin, leptin, glucose and triglycerides [25], reducing retinal neurodegenerative disease [19] and 

cardiac dysfunction [22], attenuating hypoxia derived lung damage [20] and alleviating liver ROS toxicity [21] among 

others. Conversely, other studies evidenced a lack of effectiveness on human monocytes [27, 36] or even deleterious 

effects on this cell type [29] and oxidative stress and inflammation in lung, liver, kidney, heart, spleen and brain of mice 

[26]. Moreover, this CeO2 NPs were used to induce cytotoxicity and oxidative damage in tumor cells [15, 28] at the same 

time of protecting non-malignant cells from chemotherapy [15]. The differences in biological targets (cell types and 

species), experimental designs (preconditioning with inflammation/oxidants for treatment or with the nanoparticles for 

prevention), nanoparticles (synthesis method, size, shape, chemical characteristics) and objectives of the studies could 

lead to these variations, being the outcome interpretation and comparison highly complex. The dose of CeO2 NPs used in 

the present study has been selected from previous studies involving 3T3-L1 adipocytes or rat mesenchymal stem cells 

which assessed the impact of these nanoparticles on adipogenesis and obesity-related parameters in rodents [24, 25]. As 

reported in our experimental assay, none of the doses used in this study seem to induce cell damage regarding to MTT 

data. 

The beneficial effect of this nanoparticles in cell cultures could differ due to diverse biochemical characteristics, for 

instance a lower pH could drive them to act as oxidants and thus, generating ROS [24]. The relative proportion of charges 

varies with the different methods used to prepare the nanoparticles [13]. These findings are of particular interest as the 

surface oxidation state of the CeO2 NPs has been demonstrated to alter its enzyme-mimetic activity, thereby the ability 
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of the nanoparticles to scavenge superoxide is directly related to Ce+3 concentrations at its surface [37]. In this sense, 

lower Ce+3/Ce+4 ratios were found to be less efficient [16].  

The novelty of the present findings is that CeO2 NPs were tested in cell cultures pre-conditioned with a pro-inflammatory 

stimuli, which are likely to be present in the event of therapeutic application of CeO2 NPs in metabolic syndrome-related 

organs, thus, representing a more physiological approach for evaluating their therapeutic properties. Besides the 

oxidative stress pathways, we also tested the protective effect of the nanoparticles on the inflammatory response albeit 

with unsuccessful results. Indeed, some authors recommended the evaluation of the nanomaterial therapeutic potential 

in the presence of immunomodulators [27], similar to the use of LPS and CM as pro-inflammatory stimuli in the present 

work. On the other hand, we found little beneficial effect of CeO2 NPs on lipopolysaccharide-induced cytokine release 

from macrophages, suggesting that the previously reported effects in this cell type may be limited in their scope of 

action, and do not extend to a general downregulation of the inflammatory response. Furthermore, we found a reduction 

in the viability of macrophages that could be explain by the lower cytoplasmic volume where the nanoparticles could be 

more concentrated and thus more toxic as previously described [36].   

 

5. Conclusion 

Overall, our results suggest that CeO2 NPs could have a potential insulin sensitizing effect specifically on adipose tissue 

and skeletal muscle as related to mitochondrial function. Nevertheless, the treatment does not seem to alter, in a 

physiologically relevant manner, the response of the oxidative and inflammatory pathways. Our results emphasize the 

need to evaluate the effects of nanoparticles in the presence of stimulators (LPS or CM) which are expected to occur in 

vivo under metabolic syndrome and its related conditions. Additional studies on primary human cells focusing on 

susceptible populations (with pre-existing diseases), investigating the time, dose and mechanism of action are warranted 

for identification of the real benefits and hazards of CeO2 NPs.  
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Supplementary Material 

 

SUPPLEMENTARY TABLE 1. Murine qPCR primer sequences  

Gene symbol Gene name 
Entrez 

Gene ID 
  Sequence (5'→3') 

Product 

Size (bp) 

Adipoq 
adiponectin, C1Q and collagen 

domain containing 
11450 

F: gtcagtggatctgacgacaccaa 

171bp R: atgcctgccatccaacctg 

R: gcagaaatttgcccaaacca 

Glut1 solute carrier family 2 member 1 20525 
F: cttcattgtgggcatgtgcttc 

134bp 
R: aggttcggcctttggtctcag 

Il1b interleukin 1 beta 16176 
F: gcaactgttcctgaactcaact 

89bp 
R: atcttttggggtccgtcaact 

Il6 interleukin 6 16193 
F: ccacttcacaagtcggaggctta 

112bp 
R: gcaagtgcatcatcgttgttcatac 

Il10 interleukin 10 16153 
F: catggcccagaaatcaagga 

91bp 
R: ggagaaatcgatgacagcgc 

Irs1 insulin receptor substrate 1 16367 
F: gcgggctgactccaagaac 

76bp 
R: gctatccgcggcaatgg 

Mcp1 chemokine (C-C motif) ligand 2 20296 

F: ttaacgccccactcacctgctg 

106bp R: gcttctttgggacacctgctgc 

R: aaccagacaaatcgctccac 

Ppia peptidylprolyl isomerase A 268373 
F: ctgagcactggggagaaagga 

87bp 
R: gaagtcaccaccctggcaca 

Tnf  tumor necrosis factor 21926 
F: catcttctcaaaattcgagtgacaa 

175bp 
R: tgggagtagacaaggtacaaccc 

F: Forward; R: Reverse; Bp: base pair. 
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SUPPLEMENTARY FIGURE 1. Relative mRNA analysis of metabolism-related markers in RAW 264.7 macrophages activated 
with Lipopolysaccharide (LPS), 3T3-L1 adipocytes and C2C12 myocytes treated with conditioned medium (CM). Results 
normalized to Ppia housekeeping gene. LPS or CM vs. control * p<0.05, ** p<0.01, *** p<0.001; Data (n=6 /group) are 
expressed as mean (SEM). 
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1. Intermittent hypoxia and weight loss 

The general objective of the present dissertation was to investigate the implication of oxygen on metabolic diseases in 

vivo and in vitro. Firstly, we aimed to analyze the potential metabolic benefits, for obese men with SAHS, of exercising 

under IH conditions following a healthy dietary pattern (Chapter 1). This objective was proposed after an extensive 

bibliographical review where hypoxia, besides having been found in obese AT probably linked to a lower perfusion 

(Goossens 2017), has been suggested as a putative treatment for obesity and related risk factors (Navarrete-Opazo and 

Mitchell 2014; Kayser and Verges 2013; Millet et al. 2016; Quintero et al. 2010). In this context, IH could be considered 

a therapeutic strategy to manage some metabolic-related disorders such as SAHS, possibly due to the reduction in the 

number of apneas by sustained hypercapnia, or cardiovascular disease, associated with the adaptation to hypoxic stress 

and the molecular consequences of the cardiovascular system remodeling (Navarrete-Opazo and Mitchell 2014). 

Furthermore, IH has been suggested as a weight loss approach, usually combined with physical exercise (Urdampilleta et 

al. 2012). Regarding our research, it should be noted that patients had both obesity and SAHS. Obesity is characterized 

by a lower oxygen consumption in the AT (Goossens and Blaak 2015). On the other hand, SAHS patients suffer from cycles 

of IH and hypercapnia, which differs from our study due to the hypocapnia instead (Snow et al. 2008). Patients with these 

features may benefit from IH treatment as a consequence of cardiovascular adaptation, that could improve the efficiency 

to support low oxygen during apneic episodes (Mateika and Komnenov 2017). The underlying mechanisms of the putative 

benefits of IH may involve enhancement of angiogenesis, sympathetic activation, mitochondrial enzymatic activity, 

translocation of glucose transporters and adaptive metabolic changes (Urdampilleta et al. 2012; Navarrete-Opazo and 

Mitchell 2014). Moreover, weight loss programs are based on a negative energy balance, usually achieved by the 

combination of energy-restriction diets with increased physical activity (Urdampilleta et al. 2012; Villareal et al. 2011). 

However, hypocaloric diets are commonly accompanied by fat-free mass loss, which could be prevented by a high protein 

diet (Martens and Westerterp-Plantenga 2013). Therefore, in our study all the subjects were prescribed to follow a dietary 

pattern slightly high in protein. 

Obesity, in turn, is the most important risk factor for SAHS development, and both conditions could benefit from weight 

loss and physical activity (Tuomilehto et al. 2013; Araghi et al. 2013). Hence, our research was focused on analyzing the 

potential additive benefits of nutritional advice with physical exercise under IH conditions for obese patients with SAHS. 

The present study included three strategies, corresponding to each experimental group: dietary advice (control group), 

previous plus physical exercise (normoxia group) and the same as previous but under normobaric IH (16.7–13.7% oxygen, 

hypoxia group). All the interventions reduced body weight, BMI, waist circumference and fat-free mass, as well as the 

majority of biochemical variables measured, following the expected trends associated with weight loss. The body water 

content was increased in normoxia comparing to control group, and hip circumference had better outcomes in the groups 

with programmed exercise. In addition, energy intake was lower in both the control and hypoxia groups. In relation to 

biochemical markers, transaminases concentrations showed some distinctive patterns among the experimental groups. 

Moreover, urate levels decreased in controls, but not in the training groups (normoxia and hypoxia), which could be 

explained by a compensatory mechanism in oxidative stress associated with exercise (Trapé et al. 2013). Several 

circulating cells and molecules are considered inflammatory markers of obesity and metabolic disorders, such as 

leukocytes or CRP (Babio et al. 2013; Kerner et al. 2005). In our intervention trial, leukocytes were increased in the IH 

training group when compared to control group, which could be due to the intensity of the exercise (Mohebbi et al. 2015; 

Romeo et al. 2008). Another relevant outcome from this intervention study is the association between the changes in 

leukocyte levels and fat mass, revealing a positive association between adiposity and white blood cell count 

independently of the intervention group, as previously described for MetS (Babio et al. 2013). Nevertheless, CRP levels 

did not change in any group, which could be related to the SAHS condition of the subjects where CRP levels are generally 

increased (Navarrete-Opazo and Mitchell 2014). SAHS is associated with hypertension (Durán-Cantolla et al. 2009), insulin 

resistance (Togeiro et al. 2013) and obesity (Salord et al. 2014).  
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The exercise practiced by the recruited subjects in the normoxia and hypoxia groups was a combination of strength and 

endurance training, which is the recommendation in weight loss strategies (Urdampilleta et al. 2012). In this sense, we 

expected not only an amelioration of the metabolic risk factors associated with anthropometry and biochemical markers, 

but also hemodynamic changes and better fitness to counteract fat-free mass loss and cardiorespiratory conditions. Thus, 

exertion tests are usually performed to evaluate the cardiorespiratory fitness in obese population (Arena and Cahalin 

2014). In our study, both exercise groups showed some subtle changes in cardiac stress test. Concretely, changes towards 

a cardiometabolic fitness improvement were found in the respiratory exchange ratio (RER), exertion time and diastolic 

blood pressure (DBP). The RER is defined as the ratio between the volumes of carbon dioxide and oxygen, and it is used 

to determine cardiorespiratory fitness (Balady et al. 2010). The peak or maximum RER  (RER max.) is the gold standard 

of the subjects’ effort and values over 1.10 represent an excellent exercise effort (Arena and Cahalin 2014), as happened 

in our experiment. Moreover, the exertion time or time to exhaustion was increased only in those subjects that performed 

exercise under IH (Messonnier et al. 2002), suggesting that less effort have been made to accomplish with the programmed 

exercise intensity (Balady et al. 2010).  

Previous studies of obese subjects treated with normobaric IH found greater weight loss (Kong et al. 2013; Netzer et al. 

2008) and improved systolic pressure (Kong et al. 2013) in a medium-term period (4-8 weeks). On the other hand, a study 

with a similar approach of normobaric IH training for 4 weeks found an impairment on insulin sensitivity compared with 

training in normoxia (Lecoultre et al. 2010). Another trial reported that pre-diabetic subjects exposed to IH training for 

3 weeks improved glucose tolerance, as well as respiratory and cardiovascular parameters (Serebrovska et al. 2017). In 

short-term trials (3-5 nonconsecutive days), type 2 diabetics who followed a continuous exercise program of sixty minutes 

in hypoxia improved insulin sensitivity (Mackenzie et al. 2012; Mackenzie et al. 2011). The adipokines were not changed 

following our IH training protocol, which could be in line with a recent short-term study (3 sessions) performed in healthy 

men exposed to IH (without exercise) that showed an improvement in respiratory plasticity, in an inflammation-

independent manner (Beaudin et al. 2015). Moreover, in a longer period of time (8 months), authors found no differences 

in body weight and metabolic markers between those individuals in IH training and exercising under normoxic conditions 

(Gatterer et al. 2015). In healthy subjects exposed to normobaric hypoxia for 10 successive days (without exercise), no 

change in inflammatory markers was found (Querido et al. 2012). Finally, an investigation conducted with normobaric 

hypoxia for 10 consecutive nights showed an improvement in insulin sensitivity (Lecoultre et al. 2013), despite including 

a small sample size. Regarding our IH training program, the participants exercised for sixty minutes in each session, twice 

a week for eight weeks, meaning a total of 16 sessions. This intensity and duration is similar to the medium-term studies. 

In our case, the benefits were mainly perceived in the cardiometabolic features.  

In our study, reduced energy intake was expected in the IH training since previous research suggested that at least 

hypobaric hypoxia (achieved by high altitude) caused reduced appetite (Lippl et al. 2010). In this regard, other studies 

have shown the efficacy of intermittent hypoxia, caused by altitude, on increasing arterial SaO2 (Prommer et al. 2007). 

Also, postmenopausal women that followed an 8-week of hypobaric IH training reduced adiposity and increased serum 

adiponectin levels (Nishiwaki et al. 2016). Lastly, an improvement in lipid metabolism was found in MetS patients whose 

followed a 2-week hypobaric IH protocol without exercise (Gutwenger et al. 2015).  

For these reasons, further studies are needed to identify the hypoxic protocol that best fulfils the amelioration of 

metabolic disorders by means of changing the hypoxia intensity/amount of oxygen, normo- or hypobaric pressure, number 

and duration of episodes, combination with exercise, and total protocol length in number of exposure days (Millet et al. 

2016; Mateika et al. 2015). Besides, it seems likely that responses to exercise may vary across individuals and clinical 

conditions (Dickinson et al. 2018). Hence, a comprehensive examination of the metabolic responses to IH should be 

addressed for both healthy subjects and those suffering from SAHS and associated comorbidities. Finally, the selection 

of the proper protocol will depend on the appropriate identification of biomarkers of the pathological features. 
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2. Oxygen consumption and inflammation: epigenetic mechanisms 

Obesity involves the activation of an inflammatory cascade in metabolically active tissues including adipose, heart, liver 

and muscle, which induces a stress response characterized by increased levels of pro-inflammatory molecules (Bondia-

Pons et al. 2012). In this regard, it was hypothesized that the low oxygen consumption is associated with systemic 

inflammation. Hence, the objective of this study was to investigate the influence of resting oxygen consumption on global 

and gene promoter DNA methylation and protein secretion of inflammatory markers in PBC from obese subjects with SAHS 

(Chapter 2). In our investigation, the subjects were categorized by oxygen consumption (basal or at rest) according to 

the metabolic equivalent classification or METs. This term refers to the oxygen consumption, where 1 MET is equivalent 

to 3.5 ml oxygen ·kg-1·min-1, and it is used to quantify the physical activity intensity; thus, the METs represent a link 

between oxygen consumption and resting metabolic rate (Jette et al. 1990). Previous studies showed approximately 30% 

lower oxygen consumption compared to the standard 1 MET, in both obese subjects with a mean BMI of 30 Kg/m2 (Byrne 

et al. 2005) and extremely obese individuals with a mean BMI of 42 Kg/m2 (Wilms et al. 2014), respectively. In a recently 

published bibliographic review, this threshold is also discussed (Franklin et al. 2018). Noteworthy, this report provides 

information about lower oxygen consumption at rest in obesity and CVD.  

In recent years, epigenetic regulation of gene expression has aroused increasing scientific interest in obesity field 

(Campión et al. 2009). In this sense, DNA methylation is one of the most studied epigenetic modifications, which has 

been used as a biomarker in metabolic diseases such as obesity, CVD and insulin resistance, since it controls the cell 

phenotype by altering the regulatory proteins production (Campión et al. 2009; Milagro et al. 2013; Martínez et al. 2014). 

In this context, pro-inflammatory molecules such as IL-6, TNF-α and PAI-1 are produced by metabolic organs under stress 

conditions (Thalmann and Meier 2007) and are closely related to MetS, CVD and type 2 diabetes (Molica et al. 2015). 

Therefore, the methylation levels of the promoter region in the following genes IL6, LINE1, SERPINE1 and TNF were 

evaluated in obese men with SAHS, in order to examine the molecular links between resting oxygen consumption and 

chronic diseases. The methylation of CpG islands in the promoter region of the long interspersed nucleotide element 1 

(LINE1) retrotransposon, the only active, autonomous transposable element in humans, has been widely used as a marker 

of global DNA methylation (Viollet et al. 2014). In this study, we found that subjects who consumed less oxygen at rest 

had lower IL6 promoter methylation levels and higher amount of serum IL-6. Nevertheless, circulating levels of IL-6 did 

not correlate with IL6 promoter methylation, which could be explained by the fact that IL-6 is secreted by many other 

tissues (Rossi et al. 2015). On the other hand, methylation levels of IL6 and SERPINE1 were positively associated with 

FFM, which could suggest a possible role of epigenetic regulation on the health status. 

As a general rule, higher levels of DNA methylation used to be related to lower gene expression (Ribarič 2012). However, 

in some metabolic disorders both DNA hypo- and hypermethylation are present. For instance, other studies found that 

LINE1 promoter methylation (measured in PBC unless stated otherwise) was inversely associated with BMI and HOMA-IR 

in healthy women (Piyathilake et al. 2013), with body fat mass in healthy young adults (Marques-Rocha et al. 2016), with 

CVD in overweight and diabetic subjects (Cash et al. 2011), with myocardial infarction risk in a case-control cohort 

(Guarrera et al. 2015) and with metabolic risk markers in the AT of MetS subjects (Turcot et al. 2012), while it was 

positively associated with weight loss (Garcia-Lacarte et al. 2016) and insulin sensitivity (Martín-Núñez et al. 2014) in 

PBC from obese subjects. However, other authors suggested that there was no association (Duggan et al. 2014; Zhang et 

al. 2011) or even a positive connection (Relton et al. 2012; Carraro et al. 2016; Nicoletti et al. 2016; Ulrich et al. 2012) 

between LINE1 methylation and metabolic markers. The disparities in the direction of the outcomes could be related to 

differences in gender and race/ethnicity, as previously evidenced (Zhang et al. 2011). The gene methylation pattern of 

pro-inflammatory molecules was previously linked with metabolism-related pathological conditions. For instance, IL6 

methylation was increased 6 months after weight loss (Nicoletti et al. 2016) and 12 months after bariatric surgery 

(Kirchner et al. 2014). However, it was also positively correlated with obesity features in MetS subjects (Carraro et al. 
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2016), and with women’s obesity (Na et al. 2015), but non significantly when associated with lifestyles (Zhang et al. 

2012). Moreover, TNF methylation increased a year after bariatric surgery (Kirchner et al. 2014). Despite that, other 

studies on TNF methylation shown a decrease after a weight loss intervention (Cordero et al. 2011; Campión et al. 2009), 

a negative correlation with waist circumference in healthy young individuals (Marques-Rocha et al. 2016), a positive 

association with adiposity (Hermsdorff et al. 2013) and no association with BMI (Na et al. 2015). Regarding SERPINE1 

methylation, a positive association with weight loss (Nicoletti et al. 2016) and waist circumference (Carraro et al. 2016) 

were found, as well as a negative association with obesity and CVD markers in MetS subjects (Lopez-Legarrea et al. 2013). 

In our research, we found a negative association between TNF promoter methylation and age, as well as global DNA 

methylation (LINE1) and age, suggesting a connection between epigenetic regulation of both aging and inflammatory 

diseases. Aging is commonly associated with higher systemic levels of pro-inflammatory cytokines, such as CRP, IL-6, TNF-

α (Pawelec et al. 2014). Previous studies have described a link between DNA methylation and the aging process (Mansego 

et al. 2015; Steegenga et al. 2014; Christensen et al. 2009). Nevertheless, aging-induced differential methylation 

occurred mostly without change in gene expression (Steegenga et al. 2014). Supporting our results, other authors found 

an age-related TNF hypomethylation (Steegenga et al. 2014; Gowers et al. 2011). Besides, lower TNF promoter 

methylation was previously correlated to higher TNF-α circulating levels (Hermsdorff et al. 2013).  

Concerning SAHS, DNA methylation patterns were associated with sleep severity in adults (Chen et al. 2016). A 

methodological article was published describing a prospective study designed to evaluate the epigenetic mechanism 

involved in SAHS, but the investigation is unfinished so far (Marin et al. 2014). In children with SAHS, authors suggested 

an epigenetic dysregulation of vascular function (Kheirandish-Gozal et al. 2013) and of inflammation-related genes (Kim 

et al. 2012). To our knowledge, this is the first study analyzing the association between resting oxygen consumption and 

DNA methylation of pro-inflammatory genes in obese subjects with SAHS.  

To date, it seems that basal oxygen consumption has not yet been used to differentiate between metabolically healthy 

individuals and those with metabolic disorders. The oxygen consumption measurement is easy to perform, non-invasive 

and relatively cheap when compared to other techniques.  If validated, oxygen consumption measurement at rest could 

be used as a clinical method to differentiate between healthy and non-healthy obese subjects, in conjunction with other 

methods. It is estimated that up to 30% of obese subjects do not display the metabolic-related complications, considered 

of MHO subjects (Blüher and Schwarz 2014). Despite MHO subjects lack of relevant comorbidities and MetS clustering, it 

has been observed similar risk of CVD and all-cause mortality (Navarro et al. 2014) along with risk of type 2 diabetes 

(Blüher and Schwarz 2014) to that for unhealthy obese.  

 

3. Risk of metabolic disorders and altitude of residence 

Available scientific evidence shows that hypobaric hypoxia, both simulated and real altitude, may have potential effects 

on metabolic disorders (Kayser and Verges 2013; Hirschler 2016) since hypobaric hypoxic exposure has been associated 

with weight loss and appetite reduction (Lippl et al. 2010; Vats et al. 2013), higher SaO2 (Prommer et al. 2007), lower 

adiposity and increased serum adiponectin levels (Nishiwaki et al. 2016), along with improved lipid metabolism 

(Gutwenger et al. 2015). In this sense, another objective was focused on evaluating the longitudinal long-term association 

between altitude of residence and incidence of MetS in a prospective cohort in a Spanish population (Chapter 3), in 

addition to assessing whether geographical elevation is inversely associated with the prevalence of MetS and its individual 

components in an Ecuadorian population living either at sea level or at the Andean Altiplano (Chapter 4). The first one 

showed that living at geographically higher altitude was significantly associated with a decreased risk of developing MetS 

in a Spanish population of relatively young university graduates. However, this result was found at moderately high 

altitude (over 456 m) as it was carried out in Spain, where people usually lives below 1,500 m. Moreover, this outcome 
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was only statistically significant for the MetS as a whole, but not for each one of its components separately. This lack of 

significance might be explained by the low incidence of the criteria of MetS and the young nature of the cohort. The 

second study, conducted in a sample of Ecuadorian population, revealed that living at high altitude (over 2,700 m) is 

associated with lower prevalence of MetS. Besides, lower odds of hypercholesterolemia and hyperglycemia were found 

among those living in the Andean Altiplano compared to individuals living at sea level. However, the latter shows 

prevalence data and hence, the cause-effect relationship is still unclear.  

Our results are novel, but they are in line with other studies that associated altitude and metabolic disorders. For 

instance, certain studies have reported beneficial effects of a short-term geographical altitude exposure for subjects 

that already had MetS (Neumayr et al. 2014; Gutwenger et al. 2015; Greie et al. 2006; Schobersberger et al. 2003). 

Nonetheless, there is apparently only one study relating MetS prevalence with high altitude, but they found no differences 

between sea level and high altitude (4,100 m) in a population from Peru (Baracco et al. 2007). Lately, a study performed 

in the SUN cohort found lower incidence of overweight/obesity at moderately high altitude (OR: 0.86 i.e. 14% reduction 

of the risk at >456 m) in a Spanish population composed of university graduates (Díaz-Gutiérrez et al. 2016). A quasi-

experimental study (i.e. non-randomly assigned) carried out with military population observed that individuals with 

frequent migration stationed at high altitude had 41% lower HR of obesity after multiple adjustment (Voss et al. 2014). 

Obesity prevalence was significantly lower at high altitude (OR: 0.22 i.e. 78% lower odds of obesity at high altitude, over 

3,000 m) in a United States large cross-sectional study after controlling for urbanization, temperature, behavioral and 

demographic factors  (Voss et al. 2013). Other trial, performed in a dataset of nearly 300,000 participants from the 

United States, reported lower prevalence of obesity and type 2 diabetes (OR: 0.77 and 0.88 respectively) at high altitudes 

(over 1,500 m) (Woolcott et al. 2014). Moreover, a research conducted in Tibetans (Sherpa et al. 2010) showed that BMI 

decreased with increasing altitude (each 1,000 m ascent the BMI was reduced in 1.43 kg/m2). Another experiment 

performed in Peru (Woolcott et al. 2016) reported lower prevalence ratio of abdominal obesity at high altitude (OR: 0.89 

at more than 3,000 m). Also, previous studies have reported lower fasting glycemia (Lindgärde et al. 2004; Castillo et al. 

2007) and better glucose tolerance (Picón-Reátegui 1966) at high altitude. Hypercholesterolemia and hypertension rates 

were lower in the high altitude group in Peru (Baracco et al. 2007). The mortality rate from coronary heart disease was 

also reduced in men living above 1,220 m (Faeh et al., 2016). On the other hand, higher hypertension prevalence was 

associated with highest altitudes (over 3,000 m) in highlanders of India (Norboo et al. 2015), which was different to our 

results where hypertension was not significant, possibly because their study was carried out with very high altitudes. In 

addition, living at high altitude reduced the mortality rate from ischemia (Ezzati et al. 2012) and coronary heart disease 

(Faeh et al. 2016), while increased the mortality from chronic obstructive pulmonary disease (Ezzati et al. 2012).  

The prevalence of central obesity and hypertension were not associated with altitude in our studies, which might be 

explained by the heterogeneity of the participants suffering these conditions. In the Spanish population study, we were 

able to analyze the independence of genetic background of chronic disease in MetS incidence by excluding participants 

with family history of chronic diseases (obesity, stroke, hypertension and diabetes). Although this sensitivity analysis was 

in the same trend as the main analysis, no significant outcome was found, maybe due to the small incidence of the MetS 

and its components in this young cohort. Further, the research carried out in the Ecuadorian population might be smaller 

compared to other larger studies, then bootstrapped re-sampling method was used to test the internal validity of the 

main analyses to provide evidence of the consistency of the estimated OR. As a general standard, the use of 1,000 or 

more re-sampled data sets would be enough to calculate CIs with a lower variability (inversely related to the number of 

re-sampled data sets) as proposed elsewhere (Haukoos 2005). Furthermore, a similar association was found with the MetS 

score (summation of each component of MetS), suggesting a reduction in the number of MetS components at high altitude 

compared to sea level. Notwithstanding that metabolic syndrome definition is controversial (Kassi et al. 2011), we have 

considered the most widely accepted definitions of this concept to test our hypothesis. Comparisons conducted with 
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different definitions of MetS showed similar results to the main analysis in the SUN cohort. Therefore, the harmonized 

definition was used in the study performed in the Ecuadorian population.  

Concerning the Ecuadorian population, the inverse association between altitude and energy intake could be explained by 

a regulatory role of appetite. Previous studies reported lower energy intake at high altitude, but most of them have been 

performed for a short-time period. In contrast, our participants lived at the same altitude for a median time of 29 years, 

and thus, were acclimatized to altitude. Nevertheless, the direct effect of prolonged altitude exposure on appetite 

remains unknown. Basal metabolic rate and sympathetic activation in highlanders seems to be similar  to those living in 

the coast, even if normalized to fat-free mass (Woolcott et al. 2016). Leptin and norepinephrine could be influencing the 

changes in energy expenditure and food intake at high altitude, since they increase energy expenditure via the 

sympathetic nerve activity, even in acclimatized subjects (Palmer and Clegg 2014; Voss et al. 2013; Hirschler 2016). In 

addition, leptin levels were increased in participants who lost weight at high altitude compared to those at sea level 

(Palmer and Clegg 2014).  

The higher concentration of oxygen that can be found on earth corresponds to sea level, where the pO2 is approximately 

160mmHg, and corresponds to 21% oxygen breathed. The ascent of approximately 300 m of altitude results in 1% reduction 

of oxygen concentration (McElroy et al. 2000; West 2002). In a concrete example, if we take 12 breaths per minute as 

the respiratory frequency and a tidal volume of 0.475 liters, the following data could be calculated 

(www.prognosis.org/physiology). The arterial pO2 is approximately 13 kPa at sea level in both studies, with almost 100% 

of oxygen available at sea level. This atmospheric pO2 means roughly 98% of SaO2. In the first study, participants who 

permanently live in the higher altitude level (mean altitude of 635 m at the third category) have 6% lower oxygen 

availability compared to the sea level, which means an arterial pO2 of 11.8 kPa and an oxygen saturation in blood SaO2 

of 96%. On the other hand, those participants from the second study (living at a mean altitude of 2,762 m) have a 26% 

lower oxygen availability than those at sea level, that means a total pO2 of 15.5% in an inhaled gas mixture. Using the 

same oxygen supply values (12 breaths/min and tidal volume of 0.475 liters), the arterial pO2 is 7.8 kPa at 2,762 m of 

altitude, which means an 89.8% SaO2. A reduction in arterial pO2 by more than 1 kPa and/or a SaO2 below 95% is considered 

hypoxemia (Nielsen 2003). Therefore, we could assume that participants of the moderately high altitude (-1.2 kPa) and 

those of high altitude group (-5.2 kPa) have lived for a median of 20 and 30 years, respectively, in a chronic hypobaric 

hypoxia. This situation leads to various physiological mechanisms following adaptation due to chronic lower hypoxia. Our 

study suggests a potential preventive effect of living at geographical altitude, however, other possible explanations apart 

from reduced oxygen availability cannot be dismissed, since at high altitude there is lower pressure, temperature and 

humidity (West 2002). In this sense, previous studies found higher rates of obesity at higher temperatures (Valdes et al. 

2014; Yang et al. 2015). Moreover, other factors such as genetic polymorphisms for the adaptation to high altitude could 

be involved in the lower prevalence of metabolic disorders (Bigham et al. 2013; Huerta-Sánchez et al. 2013; Valverde et 

al. 2015). In this sense, some of the genetic variants that could contribute to human adaptation to altitude are related 

to hypoxic adaptation (Huerta-Sánchez et al. 2013), while others are related to the antioxidant system and lung function 

(Valverde et al. 2015). The antioxidant adaptation is needed as hypobaric hypoxia is known to induce oxidative stress, 

which in turn, contributes to endothelial damage and vascular remodeling (Pasha and Pandey 2014).  

 

4. Inflammation in cell culture: hypoxic cascade initiation 

In the last decades, scientific efforts have been devoted to understand the role of oxygen in metabolic disorders at a 

cellular level. Oxygen is recognized as a critical factor for respiration and key metabolic processes (Trayhurn 2017). 

Furthermore, low levels of oxygen are characteristic of certain tissues under normal conditions as well as pathological 

situations (Trayhurn 2017). In this context, several mechanisms have been proposed in the development of obesity and 
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associated metabolic comorbidities, including oxidative stress, ER stress and altered pO2 (González-Muniesa et al. 2016). 

Moreover, the activation of HIF-1α, the master regulator of oxygen homeostasis, could be triggered by non-hypoxic stimuli 

(Déry et al. 2005). Thus, we hypothesized that a pro-inflammatory medium from LPS-activated macrophages initiates 

“per se” the HIF-1a cascade in adipocytes. Consequently, Chapter 5 was dedicated to the characterization of CM from 

LPS-activated macrophages on the regulation of HIF-1α-related genes in murine adipocytes. In this study, we evidenced 

that HIF-1α plays a regulatory role in murine adipocytes in CM. First, the CM increased the protein levels of both HIF-1α 

subunit and NF-κB p65, thereby linking hypoxia and inflammation in 3T3-L1 adipocytes. Furthermore, the ChIP assay 

revealed that the activation of HIF-1α led to a transcriptional regulation in CM-treated adipocytes. Specifically, the CM 

increased the binding of HIF-1α at Vegfa whereas it suppressed the enrichment at the Ucp2 gene. The UCP-2 protein has 

been reported as a ROS production controller (Arsenijevic et al. 2000) and a key modulator of insulin sensitivity (Zhang 

et al. 2001). Furthermore, oxygen sensing has been previously associated with ROS production, as they appear to be 

necessary for the activation of HIF-1α (Brunelle et al. 2005; Bonello et al. 2007). Regarding Vegfa binding, the 

establishment of new vessels (angiogenesis) has been linked to HIF-1α activation (Semenza 2014a). The main adaptive 

response to hypoxia is mediated through HIF-1α-transcriptional control, however, other regulatory mechanisms could be 

involved in hypoxia response, such as non-coding RNA and alternative splicing (Ratcliffe et al. 2017). Therefore, some CM 

effects might have occurred through these alternative regulatory processes, influencing the assayed in vitro model. 

Likewise, the OCR was lower and anaerobic metabolism (glucose to lactate ratio) was higher in CM-treated adipocytes, 

which is in the line with the research in obese mice, where lower oxygen consumption rates were found in the AT of HFD 

mice (da Costa et al. 2017). Lastly, the Mtor knock-down partially prevented the HIF-1α activation induced by CM 

treatment, suggesting a mTOR-dependent activation in an oxygen-independent manner as previously described (Semenza 

2014b; Weichhart et al. 2015; Nishi et al. 2008; He et al. 2011; Treins et al. 2002). This knock-down (18% reduced 

expression) was considered appropriate to test our hypothesis as it is known that the complete abolishment of a gene 

(knock-out) usually leads to a genetic compensation (up-regulation of related genes) and possibly resulting in unwanted 

outcomes (El-Brolosy and Stainier 2017). In this sense, a partial silencing of the gene could be adequate in order to avoid 

changes in other functions of the mTOR pathway (e.g. autophagy, immunity, apoptosis and cytoskeleton organization) 

(Weichhart et al. 2015).  

A thorough investigation evidenced that the obese phenotype presents an altered pO2 of in AT (González-Muniesa et al. 

2016; Goossens 2017) and higher levels of hypoxia (Hosogai et al. 2007; Fujisaka et al. 2013; Rausch et al. 2008). Hypoxia 

plays a critical role in the development of obesity and a state of insulin resistance in adipocytes in a HIF-1α dependent 

process (Pino et al. 2012; Matsuura et al. 2013; Petrangeli et al. 2016), with macrophages involved on the process 

(Takikawa et al. 2016). Mechanistic studies have shown that the activation of hypoxia signaling could improve the glucose 

transport in AT (Wood et al. 2007; Trayhurn and Alomar 2015). However, hypoxia produces an impairment on insulin 

sensitivity in adipocytes (Varela-Guruceaga et al. 2018; Regazzetti et al. 2009; Yin et al. 2009). Moreover, it is also known 

that the inhibition of the hypoxia signaling in HFD mice improves AT dysfunction and insulin resistance by enhancing 

insulin secretion, reducing macrophage infiltration and inflammation (Kihira et al. 2014; Sun et al. 2012; Jiang et al. 

2011; Jun et al. 2017; Shin et al. 2012; Park et al. 2012). Furthermore, some authors suggested that HIF-1α overexpression 

is involved in the inhibition of cellular respiration in brown AT, as it produces a decrease in thermogenesis (Jun et al. 

2017). However, up to date there is no conclusive data of whether the inflammatory or the hypoxic cascade is first in the 

molecular origin of obesity and its related comorbidities (Regazzetti et al. 2009). On the other hand, the genetic inhibition 

of oxygen sensing proteins that leads to a pseudohypoxia state, showed a preventive effect on AT inflammation, insulin 

resistance and weight gain in HFD mice (Rahtu-Korpela et al. 2014), better glucose tolerance and less AT macrophage 

infiltration (Matsuura et al. 2013), suppressed lipolysis and promoted benign AT expansion (Michailidou et al. 2015).  

On the other hand, the response of murine adipocytes to different cellular stresses was analyzed in order to figure out 

the most similar effect to the macrophage infiltration, that could be used as an in vitro model in the field of obesity and 
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related comorbidities (González-Muniesa et al. 2016; Lumeng and Saltiel 2011; Fjeldborg et al. 2014; Exley et al. 2014; 

Bai and Sun 2015). In this context, the gene expression pattern of AT from DIO mice was quite similar to CM-treated 3T3-

L1 adipocytes. The increased secretion of pro-inflammatory adipokines in supernatants of CM-treated adipocytes is 

comparable to the serum levels previously found in obesity (Leal and Mafra 2013; Aguilar-Valles et al. 2015; Li et al. 

2017; Molica et al. 2015).  

Previous studies that exposed murine adipocytes to hypoxia (by culturing cells under 1% oxygen), showed a down-

regulation in pro-inflammatory molecules (Quintero et al. 2012), while others found an up-regulation of this molecules 

(Mackenzie et al. 2011; Famulla et al. 2012). In this sense, the alternative use of CM instead of using environmental 

hypoxia was preferred in this study, mainly due to the highly variable response of cell cultures to environmental hypoxia 

(González-Muniesa et al. 2016). To our knowledge, this is the first study using a CM for the activation of both hypoxic 

and inflammatory pathways in adipocytes. Several authors investigated the inflammatory environment, but not hypoxic 

signaling, in adipocytes both treated with CM from LPS activated macrophages or with co-cultures using transwell inserts 

of both cell types (O’Hara et al. 2012; Suganami 2005). Adipocyte HIF-1α activity has been related to obesity-associated 

factors such as adipogenesis, insulin, and hypoxia (He et al. 2011; Treins et al. 2002). Previous studies reinforce our 

hypothesis, since they have shown that the activation of HIF-1α could occur under non-hypoxic stimuli such as LPS (Blouin 

et al. 2004; Nishi et al. 2008), TNF-α (Albina et al. 2001), growth factors and vascular hormones (Déry et al. 2005). 

Likewise, other researchers demonstrated that oxygen sensing is depending on mitochondrial ROS (Brunelle et al. 2005), 

which activate HIF-1α via NF-κB (Bonello et al. 2007). The increased prevalence of metabolic related diseases has 

promoted the study of adipogenesis and metabolism in order to elucidate the role of AT in energy homeostasis (Armani 

et al. 2010). In this sense, a comprehensive knowledge of the molecular pathways involved in adipocyte biology is critical 

to develop strategies to treat metabolic disorders. Co-cultures of adipocytes with other cell types are essential tools to 

understand the underlying mechanisms involved in the metabolic connections between fat depots and other tissues (Ruiz-

Ojeda et al. 2016). Thus, we have shown that the indirect co-culture of adipocytes with CM from activated macrophages 

could be a reliable cell culture model of macrophage infiltration for the study of obesity and metabolic conditions. At a 

molecular level, the CM increased the protein levels of both HIF-1α subunit and NF-κB p65, thereby linking hypoxia and 

inflammation in 3T3-L1 adipocytes. Furthermore, HIF-1α activation led to a transcriptional regulation in CM-treated 

adipocytes by increasing the binding of HIF-1α at Vegfa whereas suppressing the enrichment at the Ucp2 gene. 

 

5. Cerium oxide nanoparticles: antioxidants and oxygen delivery 

There is some investigation being conducted in relation to therapeutic approaches for metabolic diseases. However, the 

available approaches would not be able to counteract the increasing rates of obesity and related disorders. Hence, novel 

therapies are needed, along with the personalization of the treatments (González-Muniesa et al. 2017). For example, 

hyperoxia alone (González-Muniesa et al. 2016) or in combination with nitric oxide (Norouzirad et al. 2017) have been 

suggested for the treatment of obesity and related disorders. In this sense, drug therapy against hypoxia signaling has 

been suggested to treat diverse disorders (Lee et al. 2007). Besides altered pO2, obesity and associated comorbidities are 

characterized by increased oxidative stress and inflammation features (González-Muniesa et al. 2016), which could be 

counteracted by novel agents such as nanoparticles (Xu and Qu 2014).  

Accordingly, part of our work aimed to assess the effects of CeO2 NPs on inflammation and hypoxia induced by CM in 

different metabolic cell types (Chapter 6). In the designed experiment, it has been shown that murine macrophage-

derived pro-inflammatory stimuli could improve insulin sensitivity and mitochondrial function in metabolic syndrome-

related cell lines (myocytes and adipocytes) after the treatment with CeO2 NPs. Moreover, type 2 diabetes features are 

associated with lower mitochondria content (Patti and Corvera 2010), and thus, the effect of CeO2 NP on some insulin 
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sensitizing molecules at a gene expression level found in our experiments might be related to an increased number of 

mitochondria. 

Oxidative stress activates the transcription of genes encoding inflammatory factors among others, which, when translated 

into pro-inflammatory cytokines (TNF-α, IL-6, IL-1β) could contribute to the development of metabolic syndrome (Rains 

and Jain 2011). However, our in vitro treatment with CeO2 NPs, concomitantly with pro-inflammatory stimuli, increased 

IL-6 release in myocytes, which could influence insulin sensitivity. Despite the fact that IL-6 is generally considered to 

participate in pro-inflammatory signaling, recent studies suggested a dual role in the homeostatic control of metabolism, 

because genetic inhibition of Il6 led to insulin resistance and liver inflammation in mice and an IL-6R blocking drug 

therapy increased body weight and developed dyslipidemia in humans (Scheller et al. 2011). In this sense, previous studies 

found that the IL-6 produced by the skeletal muscle had beneficial effects on metabolism during exercise; nevertheless, 

the chronic elevation of IL-6 could contribute to the development of insulin resistance (El-Kadre and Tinoco 2013).  

The findings on CeO2 NPs properties could be considered contradictory. Several authors reported beneficial properties of 

CeO2 NPs on in vitro macrophage inflammation (Hirst et al. 2009), smoke-related cardiomyopathy (Niu et al. 2011), 

oxidative stress in mesenchymal-derived β-cells (Zhai et al. 2016), as well as ROS protection in neurons (Ciofani et al. 

2013). Animal studies showed diverse useful properties of CeO2 NPs in the treatment of many redox dysregulated states. 

For example reducing adipogenesis by a decrease in plasma insulin, leptin, glucose and triglycerides (Rocca et al. 2015), 

reducing macular degeneration (Kyosseva et al. 2013) and cardiac dysfunction (Niu et al. 2007), attenuating hypoxia 

derived lung damage (Arya et al. 2013), and alleviating liver ROS toxicity (Hirst et al. 2013). Contrariwise, other 

experiments evidenced an inability to counteract inflammation in human monocytes (Hussain, Al-Nsour, et al. 2012; 

Hussain et al. 2016) or even cell death through apoptosis and autophagy on this cell type (Hussain, F. Al-Nsour, et al. 

2012), and oxidative stress and inflammation in lung, liver, kidney, heart, spleen and brain of mice (Nemmar et al. 2017). 

Moreover, this CeO2 NPs were used to induce cytotoxicity and oxidative damage in tumor cells (Mittal and Pandey 2014; 

Sack et al. 2014) while they are able to protect non-malignant cells from chemotherapy (Sack et al. 2014). The differences 

in biological targets (cell types and species), experimental designs (preconditioning with inflammation/oxidants for 

treatment or with the nanoparticles for prevention), nanoparticles (synthesis method, size, shape, chemical 

characteristics) and objectives of the studies could lead to these variations, being the outcome interpretation and 

comparison highly complex. Nevertheless, it has been suggested that the in vitro beneficial effects of this nanoparticles 

could differ due to diverse biochemical features, as lower pH was reported to lead them to behave as oxidants and thus, 

generating ROS (Rocca et al. 2014). The different methods used to prepare the nanoparticles influence on the relative 

proportion of surface charges (Caputo et al. 2014). Noteworthy, the surface oxidation state of the CeO2 NPs has been 

demonstrated to alter the accompanying enzyme-mimetic activity, thereby the ability of the nanoparticles to scavenge 

superoxide is directly related to Ce+3 concentrations at its surface (Heckert et al. 2008). In this sense, lower Ce+3/Ce+4 

ratios were found to be less efficient (Xu and Qu 2014).  

To date, our study is novel due to the pre-conditioning of cell cultures with the pro-inflammatory stimuli simulating the 

real environment of low-grade chronic inflammation present in metabolic disorders. This challenge represents a more 

physiological approach in the evaluation of CeO2 NPs therapeutic potential. Likewise, we have tested inflammation, 

oxidative stress, insulin sensitivity and hypoxia markers, in order to obtain an in-depth insight of the potential effects of 

CeO2 NPs in metabolic syndrome-related cell lines in the presence of inflammatory stimuli.  

 

6. Strengths and limitations  

This research work provides a broad picture of the global impact that oxygen exert on metabolic disorders. The use of 

innovative techniques, based on biochemical and gene expression analyses, are a fundamental part of the present thesis. 
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Indeed, through the experiments carried out, it has been evidenced that oxygen is a key factor in the development of 

obesity and related comorbidities. In this context, it should be emphasized that oxygen was somehow related to 

cardiometabolic features, epigenetic mechanisms, MetS development, inflammation and insulin sensitivity. However, 

some limitations should be noted.  

First, the self-reported questionnaires and the 24 h dietary recalls used to assess both lifestyles and calorie intake, could 

be subjected to individual interpretation of the surveys and thereby, involve a measurement error or bias due to some 

subjectivity of the methods, despite validated procedures were applied. In addition, these data were revised by a 

Dietitian-Nutritionist. 

Second, due to the relatively small sample size of some of our studies, a type II or β error could not be discarded (some 

effects of the treatment could have been missed). This error is more common when several adjustments are performed, 

hence, confounders were limited in the analyses. Avoiding type II error by that means could promote the type I error 

(false positives, or asserting something that is absent), which is more common among screening studies (similar to our 

experiments), in contrast to validation research where false negatives are preferred. In this sense, the studies with 

smaller sample sizes (Chapter 1 and Chapter 2) were focused on obese middle-aged men, and the exclusion criteria of 

each study were restrictive. Therefore, some potential confounders were avoided. Finally, although we have adjusted 

for potential confounders, we cannot rule out the existence of residual confounding.  

Third, cross-sectional studies might make inappropriate to establish the cause or consequence, and only associations 

were given. Notwithstanding the foregoing, the associations with age and oxygen consumption are probably not 

conditioned by DNA methylation, but rather on the contrary (Chapter 2). Regarding the altitude level, participants that 

reside in the Andean Altiplano were living at this altitude for a median of 30 years, and therefore is difficult to consider 

this a consequence of having a disease (Chapter 4). Nevertheless, we could not exclude the commuting effect, as moving 

to a different altitude was not assessed (either in Chapter 3 or Chapter 4).  

Fourth, no mechanistic studies have been conducted in the human studies, and therefore data interpretation should be 

addressed carefully. Regarding Chapter 1, no clear association could be given to the IH training beneficial effects, despite 

some specific cardiometabolic benefits were found. Moreover, in the epigenetic study (Chapter 2) a lack of RNA sample 

collection made impossible the analysis of gene expression. Likewise, the CM study (Chapter 5) could be extended to 

tackle the effect at different time points on hypoxia and inflammation markers. Moreover, the main adaptive responses 

related to hypoxia and inflammation were addressed in our experiments with CM, however, other mechanisms could 

influence our in vitro model. Finally, the effect of CeO2 NPs on metabolic syndrome related cell lines was little (Chapter 

6), and in vivo studies should be conducted.  

Fifth, the techniques used in our studies are site-directed. The DNA promoter methylation was assessed through HRM 

assay, which determines methylation levels in a selected region rather than individual CpG site (Chapter 2). Furthermore, 

the ChIP-q-PCR assay identified certain genes bound to HIF-1α instead of identifying the genome-wide DNA binding sites 

for the transcription factor, which is only possible by DNA sequencing (Chapter 5).  

Sixth, the studies that involved humans were directed towards small target populations and should be validated in the 

context of associated metabolic diseases. In this sense, the studies on obese subjects with SAHS (Chapter 1 and Chapter 

2) were focused on middle-aged men, and a different outcome could be expected if women, as well as other pathological 

conditions, were included.  On the other hand, the in vitro experiments carried out in mouse cell cultures could have 

different outcomes in human in vitro adipocytes, but the availability of samples and cell lines made it suitable for the 

screening of targets. Finally, the cell culture determinations should be validated in vivo, for example by means of using 

rodents suffering from metabolic syndrome, representing a more physiological approach for evaluating their therapeutic 

properties. 
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7. General overview 

Overall, the results reported in the present dissertation confirms the involvement of oxygen in obesity and related 

metabolic disorders. Notably, individuals with obesity coupled to SAHS, showed specific cardiometabolic benefits from 

the treatment with IH training. Moreover, our research adds novel findings to the existing literature on the epigenetic 

markers of metabolic disease, as participants with lower resting oxygen consumption showed lower IL6 methylation and 

higher IL-6 serum levels. Furthermore, the incidence and prevalence of MetS was inversely associated to altitude both in 

Spain and Ecuador, suggesting a physiological protective role of geographical elevation on metabolic disorders. These 

results confirm that metabolic disorders are likely to be influenced by oxygen availability. 

Furthermore, our research contributed to better understand not only the participation of oxygen levels in the air 

breathed, but also the cellular and molecular involvement of oxygen-cascade triggering factors in inflammation through 

HIF-1α transcriptional activation, the master regulator of oxygen homeostasis. The CM in vitro model showed great 

similarities to the HFD mice models, commonly used in the study of obesity and related pathologies. Finally, the treatment 

with CeO2 NPs in metabolic syndrome-related cell lines under pro-inflammatory conditions showed a potential insulin 

sensitizing effect specifically on adipose tissue and skeletal muscle as related to mitochondrial function.  

Summing up, oxygen arises as a good option to further investigate not only potential therapeutic strategies but also new 

targets in the treatment and prevention of metabolic disorders.  
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1. The intermittent hypoxia training produced some specific cardiometabolic benefits in obese men with SAHS, such as 

improving exertion time and diastolic blood pressure. In addition, the fat-free mass decrease commonly found under 

dietary weight loss programs can be partly prevented by exercise under normoxic conditions. These results lead to 

consider that a different or a more intense administration of hypoxia might be necessary to perceive effects on 

systemic inflammation.  

2. Lower oxygen consumption at rest was associated to lower IL6 promoter methylation and higher IL6 secretion in 

obese men with SAHS, suggesting a potential role of oxygen consumption in the regulation of pro-inflammatory 

molecules. If validated, oxygen consumption measurement at rest could be used as a clinical method to differentiate 

between healthy and non-healthy obese subjects, in conjunction with other methods. 

3. Living at moderately higher altitude (over 456 m) was directly associated with a lower risk of developing MetS after 

6 and 8 years of follow-up in a Spanish population, implying that geographical elevation may be an important factor 

linked to metabolic diseases.  

4. Living at high altitude (over 2,700 m) was associated with a lower prevalence of MetS, hypercholesterolemia and 

hyperglycemia, compared to the participants at sea level in an Ecuadorian population. Moreover, an inverse 

association between altitude and energy intake was found after adjusting for covariates, pointing to a physiological 

role of appetite at high altitude, even in acclimatized subjects.  

5. Murine adipocytes treated with conditioned medium from activated murine macrophages seems to be an indirect co-

culture model that closely simulates the macrophage infiltration, similarly to the phenotypical characteristics of 

adipose tissue in DIO mice. The CM containing pro-inflammatory stimuli could down-regulate ROS control and up-

regulate vascularization through HIF-1α direct binding at Ucp2 and Vegfa, respectively. Moreover, we found that CM-

induced HIF-1α regulation requires the activation of the mTOR-dependent pathway.  

6. The treatment of murine macrophages, adipocytes and myocytes with CeO2 NPs in the presence of pro-inflammatory 

stimuli (LPS or CM) could have a potential insulin sensitizing effect related to mitochondrial content and adiponectin 

expression. Nevertheless, the treatment does not seem to alter, in a physiologically relevant manner, the response 

of the oxidative and inflammatory pathways.   
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