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ABSTRACT 

Diet and diet compounds play a dual function determining individual’ health, that 

is, they have the ability either to increase or decrease the risk to suffer from certain 

diseases. Therefore, it would be of great interest to have a tool to analyse the dual role of 

diet on our health. In this way, we would be able to set up prevention strategies before 

diseases show up. The main objective of this thesis is to define the usefulness of a blood 

cells subpopulation, the so-called peripheral blood mononuclear cells (PBMC), as a tool 

to find out early biomarkers to help in the prevention of diet and obesity-related disorders 

and also to characterise the effectiveness of food bioactive compounds on metabolic 

health. In particular, we focused on: a) the identification and characterization of early 

biomarkers of cognitive impairment associated with high-fat diet intake in absence of 

obesity and to determine the possible protective effect of neonatal leptin supplementation 

on such disorders; b) the study of the usefulness of PBMC as a tool to analyse metabolic 

flexibility or impairment and its relation to anthropometric or physiological features in 

humans; c) the development of an in vitro system of human PBMC to study the 

effectiveness of food bioactive compounds and their relation with obesity and metabolic 

syndrome-related features. 

On one hand, our data show that high-fat diet consumption with no development 

of obesity (“metabolically obese, normal-weight” phenotype) is related to cognitive 

impairment in adult male Wistar rats even when this phenotype is established at younger 

ages. Interestingly, PBMC are able to reflect gene expression patterns comparable to that 

observed in hippocampus allowing the identification of early biomarkers of cognitive 

decline. Of note, perinatal leptin supplementation somehow palliates the deleterious 

effects of high-fat diet intake. 

On the other hand, PBMC transcriptomic analysis of normoweight and 

overweight/obese individuals reveal that these blood cells express key homeostatic genes 

with a particular gene expression pattern in fasting conditions. However, unlike in the 

case of rodents, we were unable to confirm that body mass index is the sole determinant 

of metabolic impairment (analysed as a lack of response to fasting) associated with the 

obese state. Thus, this thesis sets out to deepen on the study of other parameters, such as 

fat mass distribution, as potential responsible to define metabolic flexibility or 

impairment in humans.  
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Finally, the in vitro system of human PBMC show that these cells are able to 

respond and to reflect the effects of food bioactive compounds in a similar way to that 

described in key metabolic tissues which are difficult to obtain. Besides, this system 

evidences the insensitivity of nutritional stimuli related not only to obesity but also to 

metabolic syndrome features.  

Ultimately, PBMC constitute a suitable biological material for the identification 

of early biomarkers of cognitive decline associated with unbalanced diets consumptions 

even in absence of obesity. This fact is of great importance neurodegenerative diseases 

have no specific treatment, being prevention strategies a key issue to tackle such diseases. 

Besides, the use of ex vivo systems of PBMC is showing up as an ideal tool to analyse 

the effects of food bioactive compounds prior oral administration. The need to introduce 

personalised nutrition strategies becomes evident with this cellular system so that people 

with altered metabolic profiles can fully profit from positive effects of functional foods. 
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RESUMEN 

La dieta y sus componentes juegan un papel dual definiendo el estado de salud de 

un individuo, de tal manera que pueden protegernos de o predisponernos a padecer 

determinadas enfermedades. Sería entonces de gran interés disponer de una herramienta 

que nos permitiera analizar el doble rol de la dieta sobre nuestra salud para ser capaces 

de desarrollar estrategias de prevención antes de que la enfermedad se manifieste. El 

objetivo principal de esta tesis es determinar la utilidad de una fracción de células de la 

sangre, las células mononucleares de sangre periférica (PBMC), como herramienta en la 

búsqueda de biomarcadores tempranos para la prevención de desórdenes asociados al 

consumo de dietas ricas en grasa o a la obesidad y también para caracterizar la eficacia 

de compuestos bioactivos sobre la salud metabólica. En concreto, nos hemos centrado en: 

a) identificar y caracterizar biomarcadores tempranos de riesgo cognitivo asociados a la 

ingesta de dietas ricas en grasa en ausencia de obesidad y determinar el posible efecto 

protector de la suplementación neonatal con leptina en el desarrollo de tales alteraciones  

en roedores; b) estudiar la utilidad de las PBMC como herramienta que refleje la 

flexibilidad o el deterioro metabólico en relación a determinadas características 

antropométricas/fisiológicas en humanos; y c) desarrollar un sistema in vitro de PBMC 

humanas para estudiar la eficacia de compuestos bioactivos y su posible relación con la 

obesidad y otras características asociadas al síndrome metabólico.  

Los resultados obtenidos muestran, por una parte, como el consumo de dietas ricas 

en grasa en ausencia de obesidad (fenotipo falso delgado) en ratas adultas se asocia al 

desarrollo de alteraciones cognitivas aun cuando este fenotipo se establece en edades más 

tempranas. Además, las PBMC son capaces de reflejar los patrones de expresión génica 

que se observan en el hipocampo de estos animales, permitiendo así identificar 

biomarcadores tempranos de este tipo de alteraciones. De manera destacada, parece ser 

que la suplementación con leptina durante la etapa perinatal es capaz de atenuar tales 

efectos.  

Por otra parte, el análisis transcriptómico en PBMC de individuos normopeso y 

con sobrepeso/obesidad ha permitido observar que estas células expresan genes 

homeostáticos clave que responden de diferente forma a la situación de ayuno en 

diferentes individuos. Sin embargo, a diferencia de lo que ocurre en roedores, no hemos 

podido confirmar que el índice de masa corporal sea el único determinante del deterioro 
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metabólico (analizada como una falta de respuesta al ayuno) asociado a la obesidad. Así 

pues, en esta tesis se plantea profundizar en el estudio de otras características, como la 

distribución de grasa corporal, como potenciales responsables de definir la flexibilidad o 

alteración metabólica en humanos.  

Finalmente, el sistema in vitro de PBMC humanas desarrollado ha permitido 

demostrar que las PBMC en cultivo son capaces de responder y reflejar los efectos de 

compuestos bioactivos tal y como se describen en tejidos metabólicamente importantes y 

de más difícil obtención. Además, este sistema es capaz de evidenciar la insensibilidad a 

estímulos nutricionales asociada no solo a la obesidad sino a otras características 

asociadas al síndrome metabólico.  

En definitiva, las PBMC constituyen un material idóneo para la obtención de 

biomarcadores tempranos de alteraciones cognitivas asociadas al consumo de dietas 

desequilibradas aún en ausencia de obesidad. Este hecho es de suma importancia debido 

a la falta de tratamientos específicos para enfermedades neurodegenerativas, siendo las 

estrategias de prevención un punto clave para combatir este tipo de enfermedades. 

Además, la utilización de sistemas ex vivo de PBMC se presenta como una buena 

herramienta para analizar el efecto de compuestos bioactivos antes de su administración 

oral. Los resultados obtenidos con este sistema celular enfatizan la necesidad de 

desarrollar estrategias nutricionales más personalizadas para que las personas con perfiles 

metabólicos no adecuados puedan beneficiarse completamente de los efectos positivos de 

los ingredientes funcionales.  
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RESUM 

La dieta i els seus components juguen un paper dual definint l’estat de salut d’un 

individu, de tal forma que poden protegir-nos de o predisposar-nos a patir determinades 

malalties. Per això seria de gran interès disposar d’una eina que ens permeti analitzar la 

doble funció de la dieta sobre la nostra salut per ser capaços de desenvolupar estratègies 

de prevenció abans de que la malaltia es manifesti. L’objectiu principal d’aquesta tesis és 

determinar la utilitat d’una fracció de cèl·lules de la sang, les cèl·lules mononuclears de 

sang perifèrica (PBMC), com a eina per a la cerca de biomarcadors primerencs per a la 

prevenció de desordres associats al consum de dietes riques en greix o a l’obesitat i també 

per a caracteritzar l’eficàcia de components bioactius sobre la salut metabòlica. 

Concretament, hem focalitzat l’atenció en: a) identificar i caracteritzar biomarcadors 

primerencs de risc cognitiu associats a la ingesta de dietes riques en greix en absència 

d’obesitat i determinar el possible efecte protector de la suplementació neonatal amb 

leptina en el desenvolupament d’aquestes alteracions en rosegadors; b) estudiar la utilitat 

de les PBMC com a eina que reflecteixi la flexibilitat o el deteriorament metabòlic en 

relació a determinades característiques antropomètriques/fisiològiques en humans; i c) 

desenvolupar un sistema in vitro de PBMC humanes per a estudiar l’eficàcia de 

components bioactius i la seva possible relació amb l’obesitat i altres característiques 

associades al síndrome metabòlic.  

Els resultats obtinguts mostren, per una banda, com el consum de dietes riques en 

greix en absència d’obesitat (fenotip fals prim) en rates adultes està associat al 

desenvolupament d’alteracions cognitives inclús quan aquest fenotip s’estableix en edats 

més primerenques. A més, les PBMC són capaces de reflectir els patrons d’expressió 

gènica que s’observen en l’hipocamp d’aquests animals, permetent així identificar 

biomarcadors primerencs d’aquest tipus d’alteracions. De forma destacable, pareix a ser 

que la suplementació amb leptina durant l’etapa perinatal és capaç d’atenuar aquests 

efectes.  

Per altra banda, l’anàlisi transcriptòmic en PBMC d’individus normopès i amb 

sobrepès/obesitat ha permès observar que aquestes cèl·lules expressen gens homeostàtics 

clau que responen de forma diferent a la situació de dejuni en diferents individus. No 

obstant, a diferència del que ocorre en rosegadors, no hem pogut confirmar que l’índex 

de massa corporal sigui l’únic determinant del deteriorament metabòlic (analitzada com 
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una falta de resposta al dejuni) associat a l’obesitat. Així doncs, en aquesta tesi es planteja 

profunditzar en l’estudi d’altres característiques, com la distribució de greix corporal, 

com a potencials responsables de definir la flexibilitat o alteració metabòlica en humans.  

Finalment, el sistema in vitro de PBMC humanes desenvolupat ha permès 

demostrar que les PBMC en cultiu són capaces de respondre i reflectir els efectes de 

components bioactius tal i com s’ha descrit en teixits metabòlicament importants de més 

difícil obtenció. A més, aquest sistema és capaç d’evidenciar la insensibilitat a estímuls 

nutricionals associada no només a l’obesitat sinó a altres característiques associades al 

síndrome metabòlic.  

En definitiva, les PBMC constitueixen un material idoni per a l’obtenció de 

marcadors primerencs d’alteracions cognitives associades al consum de dietes 

desequilibrades inclús en absència d’obesitat. Aquest fet és de gran importància degut a 

la falta de tractaments específics per a malalties neurodegeneratives, essent les estratègies 

de prevenció un punt clau per a combatre aquest tipus de malalties. A més, la utilització 

de sistemes ex vivo de PBMC se presenta com una bona eina per a analitzar l’efecte de 

components bioactius abans de la seva administració oral. Els resultats obtinguts amb 

aquest sistema cel·lular emfatitzen la necessitat de desenvolupar estratègies nutricionals 

més personalitzades per a que aquelles persones amb perfils metabòlics no adequats 

puguin beneficiar-se completament dels efectes positius dels ingredients funcionals.  
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GENERAL INTRODUCTION 

One of the main actions when it comes to health is avoiding diseases. Prevention 

strategies for non-communicable or chronic diseases are in the spotlight of governments, 

health organisations and research groups. The main types of chronic diseases which affect 

our society include cardiovascular diseases (CVD), diabetes, and chronic respiratory 

diseases. Many of these disorders have their origin on overweight and obesity. Both 

overweight and obesity are largely determined by unhealthy lifestyles, such as sedentary 

behaviour and consumption of unhealthy diets rich in fat and/or simple carbohydrates. 

However, these lifestyle behaviours are not always linked to high body mass indexes 

(BMI) and are also per se major risk factors for chronic diseases, even in the absence of 

obesity.   

The search for early biomarkers of disease implies a significant challenge but it is 

one of the most promising avenues in preventive nutrition and medicine. Although it will 

be discussed in more depth throughout this introduction, the most useful biomarkers are 

those that can be obtained less invasively. Therefore, peripheral blood mononuclear cells 

(PBMC), a subpopulation of blood cells made up basically by lymphocytes and 

monocytes, meet this and other unique features that make them a potential new tool for 

diagnostics and an interesting biological material for the search of early biomarkers of 

disease. PBMC express detectable levels of transcripts of a large proportion of the genes 

encoded in the human genome (Liew et al., 2006). Moreover, PBMC, as circulating blood 

cells, are in continuous interaction with every cell in the human body. Taking into account 

these two features, these cells are susceptible to reflect changes occurring in association 

with injury or disease in other tissues of the body by varying their gene expression 

patterns (Chon et al., 2004; DePrimo et al., 2003; Tsuang et al., 2005). Therefore, 

circulating blood cells can provide information about the health or disease status and their 

use for diagnostic purposes is already a reality for many diseases.  
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1.1. Peripheral blood mononuclear cells (PBMC) as a source of 

biomarkers in health and nutrition research 

1.1.1. Relevance of biomarker finding 

National Institutes of Health (NIH) defined a biomarker as “a characteristic that 

is objectively measured and evaluated as an indicator of normal biological processes, 

pathogenic processes, or pharmacologic responses to a therapeutic intervention.” 

(Biomarkers Definitions Working, 2001). The sources where biomarkers can be 

measured range from biological samples, such as blood, urine, cerebrospinal fluid or 

tissue biopsies (Takeda et al., 2010), to records got from patients (blood pressure, 

electrocardiogram) (Lombardi et al., 2013; Strauss and Selvester, 2009) or tests made 

using imaging techniques (Toledo et al., 2012). The most interesting biomarkers are those 

which allow to identify populations at risk as well as the early detection of a particular 

disease in order to tackle the disorder from a preventive point of view before the first 

symptoms appear, the so-called early biomarkers of disease. Nonetheless, the concept 

of the biomarker should not mistakenly only be thought as an indicator of pathological 

disorders but as a multifaceted measure of a healthy status as well. In any case, the task 

of an accurate early biomarkers identification is challenging and of extreme importance 

in developing specific countermeasures to prevent the development of the diseases.  

When it comes to finding biomarkers in early stages of a disease it is of great 

importance to have samples at different time points which could provide the researchers 

and clinicians further information about the progression of the disease status or even the 

response to a particular intervention. Therefore, the grade of invasiveness of the technics 

used to get the samples is crucial. In this sense, the most accessible and easily available 

biological materials are the body fluids. The biomarkers can comprise a range of 

substances from metabolites to molecular markers, such as transcripts, epigenetic 

fingerprints or proteins. In fact, increasingly, the concept of “molecular biomarker” is 

becoming a framework for biomarker discovery in preventive medicine. The reason for 

that is the recent rise of the omics techniques (genomics, transcriptomics, proteomics 

and/or metabolomics) which are broadly adopted as platforms for the discovery and 

analysis of early molecular biomarkers. These types of markers are usually used in the 

prevention and diagnosis of various disorders with a great incidence in the present, such 
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as obesity, cancer, CVD, neurodegenerative diseases and so on (Caudle et al., 2010; 

Costa-Pinheiro et al., 2015; Hu et al., 2011; Shah and Newgard, 2015).  

1.1.2. Blood as a biological material for the search of biomarkers 

Blood is showing up as a good option in the search of early biomarkers since it 

fulfils the abovementioned essential characteristics, that is, blood is a readily available 

biological material.  

Blood is classified as a fluid connective tissue and, as a part of the circulatory 

system, it is nourishing the human body. Its components comprise blood cells, cell 

fragments and plasma. Blood cells have a relatively rapid turnover rate (Ogawa, 1993) 

and include erythrocytes, eosinophils, basophils, neutrophils, monocytes, lymphocytes B 

and T and natural killer cells (see Figure 1.1). These cells, unless erythrocytes, constitute 

the whole part of the immune defence system, protecting against foreign assault and 

injury. Hence, the blood soaks up the whole body, is in a constant state of renewal, and 

acts as a protective boundary between the external and internal environments. 

 

 

Figure 1.1. Blood cell composition. Modified from Terese Winslow, 2007. 
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One of the sources of biomarkers in blood to be taken into account is plasma or 

serum samples. For example, plasmatic levels of some molecules considered as 

inflammatory markers, such as adhesion molecules, cytokines and others like C-reactive 

protein has been well correlated with cardiovascular risk in several epidemiological 

studies (Blake and Ridker, 2002; Ferri et al., 2006; Ridker et al., 2008). However, 

molecules found in plasma or serum represent a set of compounds that come from 

different tissues showing the overall pathophysiological status. In fact, the plasma or 

serum levels of those molecules do not reflect their production by particular tissues (Jason 

et al., 2001). In this context, blood cells and specifically PBMC could constitute a helpful 

alternative for the search of biomarkers. The continuous interaction between blood cells 

and the body gives rise the possibility that subtle physiological or environmental 

alterations occurring in association with some kind of stimuli, either associated with a 

disease or to exposure to any substance, within the cells and tissues may induce molecular 

changes at various levels in blood cells. In fact, (Liew et al., 2006) proposed the so-called 

“Sentinel Principle” in which blood cells are considered to act as “sentinels” that respond 

to changes in the macro- or micro-environment in organs. The “Sentinel Principle” states 

that all clinical conditions and body states generate particular gene expression signatures 

in the blood as a result of the close physiological interplay between blood and the cells, 

tissues and organs of the body. Besides that, it is important to note that many 

diseases/disorders have a clear inflammatory component such as obesity, diabetes, CVD 

and even dementias (Amor et al., 2010; Bastard et al., 2006; Libby, 2006; Libby and 

Plutzky, 2007). Both facts reinforce the usefulness of blood cells as diagnostic/prognostic 

purposes through the analysis of different “omic”-signatures.  

1.1.2.1. PBMC: features and applications in health and nutrition research 

PBMC are a subpopulation of blood cells that includes those with a round nucleus 

(Delves et al., 2006). Then, these cells are made up by lymphocytes (B cells, T cells and 

natural killer cells) as a major component (about 80-85%) and monocytes (the remaining 

percentage) (Figure 1.1). Erythrocytes and platelets, which have no nuclei, and 

granulocytes (neutrophils, basophils and eosinophils) with multi-lobed nuclei are not part 

of this population of blood cells. Monocytes, along with macrophages and neutrophils, 

are cells of the innate immune system and provide the first line of defence against 

bacterial infections (Parihar, 2009). When an infection occurs, the innate immune system 
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is activated which implies, among other responses, the secretion of cytokines from the 

innate immune cells which triggers an inflammation and activation of the adaptive 

immune system (Parihar, 2009). Lymphocytes are cells of the adaptive immune system 

which act by protecting against recurrent infections and their responses are pathogen-

specific (Parihar, 2009).  

PBMC show up a number of features that make them an interesting biological 

material for their use in research. Usually in human studies, especially when these studies 

include healthy volunteers, tissue availability is a limitation. However, these immune 

cells can be obtained by simple venepuncture and be isolated directly from the whole 

blood by centrifugation. PBMC can migrate through the blood circulation and infiltrate 

various tissues, such as adipose tissue, endothelium and liver (Ziegler-Heitbrock, 2000). 

Noteworthy, these blood cells are not only exposed to these tissues but also crosstalk with 

them (Hotamisligil, 2006). Besides that, PBMC are constantly interacting both with 

external (nutrients, drugs and others) and internal (such as hormones) signals (Dandona 

et al., 2001), generating responses that are detectable as specific gene expression patterns. 

In fact, (Liew et al., 2006) reported that about an 80% of the genes encoded in the human 

genome have detectable levels of transcripts in these cells, including tissue-specific 

transcripts, providing support for the first criteria of being a successful surrogate tissue.  

Therefore, these immune cells may give information about the health or disease 

status of any particular tissue by changing their gene expression profile. These changes 

can be taken advantage of as a new and potential tool for the identification of biomarkers 

for diagnostic purposes.  

o PBMC as a tool in clinical research  

PBMC are widely used with diagnostic purposes especially for diseases with an 

immunological component, although not exclusively, and to predict responses to 

treatments (Olsen et al., 2004). For example, these immune cells are used in the diagnosis 

of HIV (d'Ettorre et al., 2010) and in the diagnosis of lupus erythematous in children 

(Pavon et al., 2012), among others.  

Studies in autoimmune diseases have often included the use of biopsy samples 

from synovia, brain or skin (Carroll et al., 2002; Huh et al., 2003; Lock et al., 2002; van 

der Pouw Kraan et al., 2003). However, this is not feasible to be applied to early phases 

of diseases when therapeutic interventions are most likely to be helpful. Recent blood 
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gene expression studies have shown that the gene expression patterns of PBMC contain 

specific expression signatures in response to various physiological and pathological 

conditions related to the immune system. Due to the systemic nature of autoimmune 

diseases, many authors have identified differential gene expression patterns in PBMC that 

allow to discriminate between afflicted patients and healthy subjects (Baechler et al., 

2003; Bomprezzi et al., 2003b; Maas et al., 2002; Rus et al., 2002). For example, 

alterations in gene expression profiles of blood cells have been identified in multiple 

sclerosis (Bomprezzi et al., 2003b; Sturzebecher et al., 2003), juvenile arthritis (Barnes 

et al., 2004), lupus (Bennett et al., 2003; Rus et al., 2002), rheumatoid arthritis and 

insulin-dependent diabetes mellitus (Maas et al., 2002), and transplantation (Zhang et al., 

2002). Not only that, PBMC gene expression profiling can be a useful tool to recognize 

those subjects more prone to react to a specific treatment. In fact, using gene expression 

patterns in PBMC (Sturzebecher et al., 2003) were able to identify among patients with 

multiple sclerosis those with greater chances to respond to treatment with gamma 

interferon.  

Until recently, most studies using PBMC were transcriptional profiling 

experiments in the context of inflammatory diseases. However, these cells are not only 

showing up gene expression patterns related to these disorders but also PBMC have been 

proposed as a useful tool to study and to better understanding the underlying mechanisms 

of other various diseases such as Alzheimer’s disease (AD) (Maes et al., 2007), cancer 

(Ganapathi et al., 2014), liver diseases (Patalay et al., 2005), and in CVD, type II diabetes 

(T2D) and obesity research (Aziz et al., 2007; de Mello et al., 2012).  

o PBMC and neurodegenerative diseases 

When it comes to neurological disorders, it is obvious that taking brain biopsies 

from living patients is unviable. Cerebrospinal fluid is the most used fluid for identifying 

biomarkers for many reasons, mainly because its proximity to affected tissue and due to 

the free exchange of molecules with brain which allows this fluid to reflect metabolic 

processes that occur in the brain (Reiber and Peter, 2001). However, it involves an 

invasive sampling making difficult its use in large-scale validation studies and, thus, in 

clinical practice. In several neuropsychiatric disorders (e.g. depression, stress, AD, 

schizophrenia), alterations of metabolism and cellular functions occurring in the central 

nervous system, as well as disruptions in neurotransmitter and hormonal mechanisms run 
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parallel to that occurring in blood lymphocytes (Gladkevich et al., 2004). For example, 

anomalous amyloid precursor protein expression, abnormal levels of antioxidant 

enzymes, oxidative damage to DNA, RNA and protein, deregulated cytokine secretion 

and enhancement of apoptosis are features shared by AD brain and blood cells (Li et al., 

1999; Mecocci et al., 2002; Nijhuis et al., 1996; Schipper et al., 2000). These concomitant 

mechanisms could be explained by the continuous interplay between blood cells and 

cerebrospinal fluid since it is known that about 500 ml of this fluid are taken up by blood 

every day (Hye et al., 2006). Furthermore, dysfunction of the blood-brain barrier, a 

pathologic feature of some neurodegenerative diseases, such as dementias, may enhance 

the flux between brain and blood in both directions (Zipser et al., 2007).  

(Sharp et al., 2006) stated that different diseases in the brain are associated with a 

specific gene expression profile in peripheral blood cells. In fact, it has been reported that 

specific transcriptomic biomarkers in whole blood could be useful to distinguish patients 

with AD, the most common form of dementia, from non-demented ones (Fehlbaum-

Beurdeley et al., 2010). There is evidence that the pathological disruptions in dementia-

causing diseases begin decades before the first clinical manifestations appear (Jack et al., 

2009). Moreover, as cognitive decline advances other specific disease-related features 

appear (McKeith et al., 1996; Neary et al., 2005). This, together with the fact that a single 

type of pathology can produce different cognitive outcomes, make difficult the diagnose 

(Cedazo-Minguez and Winblad, 2010). Thus, many of the efforts are focused on trying 

to find transcriptomic signatures in blood cells able to differentiate AD from other types 

of dementia and even to classify those patients with mild cognitive impairment (MCI), 

that is often but not always seen as a prodromal phase between normal aging and dementia 

(Winblad et al., 2004), with higher risk to later develop AD (Cedazo-Minguez and 

Winblad, 2010; Fehlbaum-Beurdeley et al., 2010). Given the increasing incidence of 

neurodegenerative diseases in Western societies (Rahati et al., 2014), and due to the 

relative inefficacy of therapies aimed to treat neurological diseases once established, in 

February 2013 the FDA urged the scientific community to focus on new preventive 

therapies, which require research and the development of new biomarkers (Developing 

Drugs for the Treatment of Early Stage Disease, FDA-2013-D-0077). Because of the 

almost complete limitation to obtain brain samples, the identification of blood biomarkers 

of MCI, an early stage of cognitive impairment, constitutes a future challenge of 
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molecular and clinical research. One of the main objectives of this thesis is precisely the 

research of early biomarkers of cognitive impairment in PBMC.   

o PBMC in nutrigenomic studies 

Nutrigenomics is a relatively new field that is trying to enlighten how the diet 

impacts on gene expression with the main aim to reach a personalised nutrition and 

consequently disease prevention (Kaput, 2008). Obviously, tissues involved in energy 

homeostasis and metabolism, such as liver, adipose tissues and muscle are the main 

targets for nutrigenomic studies. However, it is difficult to obtain samples of every subject 

involved in a nutritional study due to the invasiveness of biopsies collection procedures. 

For example, most gene expression studies in human obesity are performed using 

biopsied subcutaneous adipose tissue (Marrades et al., 2006; Viguerie et al., 2005). The 

use of visceral fat is restricted to morbid patients as the samples can be obtained during 

surgery (Baranova et al., 2005). Then, PBMC gene expression profiling is a less invasive 

approach and has emerged as an alternative for nutrigenomic studies (Caimari et al., 

2010a; Díaz-Rúa et al., 2015; Konieczna et al., 2014; Reynés et al., 2015). The 

applicability of PBMC in nutrigenomic research is in part due to their active metabolism 

(Kussmann et al., 2006) and their accessibility by venepuncture which may allow 

repeated analysis of gene expression at different time points. Moreover, PBMC are in a 

continuous interplay with tissues (liver and adipose tissue depots) whose dysfunction is 

often associated with diet-related diseases such as T2D and CVD (de Mello et al., 2012). 

This, combined with the fact that these immune cells display a great ability to respond to 

nutritional and hormonal signals through detectable changes in gene expression 

(Bouwens et al., 2007; Dandona et al., 2001; Mutungi et al., 2007) makes them a suitable 

biological material for the search of biomarkers related to nutritional status or sensitive 

to nutritional interventions. 

In fact, many studies have demonstrated the ability of PBMC to respond at 

transcriptomic level to diets, fed/fasting conditions, or to specific nutrients following the 

same gene expression pattern as expected in tissues involved in metabolism regulation 

(Bouwens et al., 2007; Díaz-Rúa et al., 2015; Reynés et al., 2015). One decade ago, 

(Bouwens et al., 2007) identified a functional role of the peroxisome proliferator-

activated receptor a (PPARa), a key transcriptional regulator related to energy 

metabolism, in PBMC. Moreover, they showed that in fasted healthy volunteers, and due 
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to the increase of free fatty acids in plasma, PBMC were able to boost their fat-handling 

capability by increasing the expression of genes involved in fatty acid beta-oxidation, a 

response probably mediated by the activation of PPARa. Studies from our group using 

rat as a model demonstrated that PBMC were able to set up a gene expression profile that 

reflected the increased adiposity and metabolic deregulation in response to different types 

of high-fat (HF) diets (Reynés et al., 2016) and the feeding insensitivity associated with 

the obese state (Oliver et al., 2013). The potential of PBMC as a source of metabolic risk 

biomarkers associated with the intake of unbalanced diets in animal models was 

confirmed by DNA microarray studies as well (Caimari et al., 2010c; Díaz-Rúa et al., 

2015). The identification of early obesity biomarkers in blood cells was evidenced in the 

IDEFICS project. In this project, it was described that alterations in the expression of 

specific genes involved in energy homeostasis in the whole blood could be used as 

biomarkers of children metabolic status (Sánchez et al., 2012). 

Additionally, PBMC could constitute a good biological material in the field of 

functional food research, to identify potential health benefits of food bioactives. For 

example, a large range of studies has shown the ability of n-3 polyunsaturated fatty acids 

(n-3 PUFA) to alter the gene expression profile in PBMC denoting a less pro-

inflammatory environment (Bouwens et al., 2009; de Mello et al., 2009). Moreover, the 

ability of n-3 PUFA to increase lypolitic capacity in different tissues has been shown to 

be reflected in PBMC as well (Myhrstad et al., 2011; Radler et al., 2011). In the same 

context, PBMC may serve to test the antiatherogenic effects of food compounds such as 

virgin olive oil. Intervention studies in humans have shown that virgin olive oil 

consumption results in gene expression alterations pointing out to an antiatherogenic 

profile (Khymenets et al., 2009; Konstantinidou et al., 2010; Konstantinidou et al., 2009).  

A less studied approach is the use of ex vivo assays with PBMC. Although these 

systems are widely used to study the response to certain drugs (Lyu and Park, 2005; 

Mauri-Hellweg et al., 1995; McHugh et al., 1995), it is a less explored field in the context 

of nutrition. Particularly, this methodological approach appears of special interest to 

analyse the effect of food bioactives and, therefore, to facilitate the development of 

functional food research.  In fact, different studies have revealed that food components 

or food metabolites can modulate gene expression in cultures of PBMC (Hofmann et al., 

2010; Myhrstad et al., 2011). For example, studies using quercetin have been useful to 

analyse the effects on COX-2 (de Pascual-Teresa et al., 2004) or the activation of PPARa 
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(Bouwens et al., 2007). Thus, PBMC ex vivo methods constitute a suitable nutrigenomic 

biomarker approach. These studies are especially focused in knowing the anti-

inflammatory effects of food bioactive compounds (Bouwens et al., 2010; Myhrstad et 

al., 2011). However, PBMC ex vivo approach may be helpful to validate the use of PBMC 

as a surrogate tissue in other contexts. Indeed, (Hofmann et al., 2010) demonstrated using 

human PBMC as a primary cell model that these blood cells could be a suitable surrogate 

tissue to study the status of cellular detoxification systems and its potential modulation 

by food ingredients. The use of PBMC ex vivo assays for the study of molecular effects 

of food bioactives to understand their physiological implications is one of the purposes 

of this thesis. 

Despite the fact that most of the nutrigenomic studies are focused on the search of 

transcriptomic biomarkers in PBMC, there is an entire network of biomarkers beyond the 

transcriptomic ones that are evenly modulated in PBMC by nutritional status/nutritional 

interventions. It has been proved that Mediterranean diet is able to modulate the blood 

cells epigenome resulting in methylation changes of at least 50 genes related to 

inflammation but with other possible functions in adipogenesis, metabolism, 

angiogenesis and diabetes, among others (Arpon et al., 2017). Other plausible biomarkers 

in PBMC are microRNAs. For example, changes in the expression of mir-935 and mir-

4772 have been proposed as prognostic biomarkers of weight loss associated with a 

hypocaloric diet (Milagro et al., 2013).  

1.1.2.2. PBMC versus whole blood cells in the search of biomarkers 

In spite of most of the studies looking for transcriptomic biomarkers are 

performed using PBMC, lately the use of whole blood cells is increasingly emerging as 

an option to be used for transcriptional analysis, especially in human studies (Priego et 

al., 2014; Sánchez et al., 2012). The use of whole blood cells instead of PBMC has some 

advantages especially from a technical point of view. The isolation of PBMC have to be 

immediately carried out after blood collection which takes time and might alter gene 

expression profile as stated by (Pahl and Brune, 2002). Over the years, some methods 

have been emerging allowing the stabilization and avoiding the degradation of RNA 

immediately upon blood sampling without the need of further manipulations (Thach et 

al., 2003) which, in turn, results in shortening times required for each procedure. All these 

features make the whole blood cells an interesting alternative to be used particularly in 



Margalida Cifre. Doctoral thesis 

	
- 12 - 

large-scale transcriptional biomarker-finding studies and when only minimal volumes of 

blood can be obtained. However, whole blood cells present their own disadvantages. One 

important issue is the fact that this approach does not allow the sorting of specific cell 

types as all of them are lysed during the procedure. This fact leads to gene expression 

profiles showing increased noise, reduced responsiveness and higher variability in 

comparison with PBMC (Min et al., 2010). Added to this, it has to take into consideration 

the high abundance of globin transcripts coming from erythrocytes which represents a 

major problem of the use of whole blood cells (Raghavachari et al., 2009) although there 

are specific techniques to selective reduce the presence of globin transcripts from whole 

blood RNA samples (Wright et al., 2008). 

 

1.2. Effects of hyperlipidic diets on health 

The intake of fat-rich foods is steadily increasing in Western societies (Rahati et 

al., 2014) and this is linked to a wide amount of health problems (Figure 1.2). As stated 

by a number of epidemiological studies (Damiao et al., 2006; Ogden et al., 2007), 

populations with a greater consumption of diets rich in fat are especially prone to gain 

body mass and develop obesity. Obesity constitutes a serious health problem as it is linked 

to important to medical complications, such as insulin resistance, fatty liver, 

hypertriglyceridemia/hypercholesterolemia and hypertension (Pi-Sunyer, 2009). These 

metabolic risk factors increase the risk of suffering CVD, the main cause of death 

worldwide which, according to the WHO, has remained the leading cause of death 

globally in the last 15 years. Obesity and its comorbidities are clearly linked to diet, 

particularly to the intake of energy-dense foods (rich in fats), combined with physical 

inactivity (Stelmach-Mardas et al., 2016). 

Besides its caloric value, fatty acids are known to exert functional modulation on 

several tissues and cell types. Chronic feeding with fat-rich foods induces abnormal lipid 

distribution and alterations in blood lipids impairing the regulatory mechanisms of body 

weight maintenance to induce obesity (Eisinger et al., 2014; Snel et al., 2012). (Lazarou 

et al., 2012) highlighted that quantity and quality of dietary fat affect glucose and insulin 

sensitivity. High intake of total fat is associated with increased fasting insulin 

concentrations and decrease insulin sensitivity in humans (Lovejoy and DiGirolamo, 

1992; Marshall et al., 1991). However, when talking about its metabolic effects it is 
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important to consider the quality of the dietary fat, which may modulate the balance 

between the beneficial or detrimental effects of this macronutrient on health. Animal 

studies showed that intake of saturated fatty acids, monounsaturated and polyunsaturated 

fatty acids, except for n-3 PUFA, led to insulin resistance when consuming a high-fat diet 

(Astrup, 2001; Steyn et al., 2004; Storlien et al., 1991). Epidemiological studies suggest 

that high intake of saturated fat is associated with higher risk of impaired glucose 

tolerance, increased fasting glucose and insulin levels, reduced insulin sensitivity and a 

higher risk of T2D (Bo et al., 2001; Folsom et al., 1996; Vessby et al., 1994). The 

outcomes for increased intakes of unsaturated fat are completely the opposite. It has been 

described that higher intakes of vegetable fat and PUFA reduce the risk of T2D (Meyer 

et al., 2001). Higher proportions of long chain PUFA in phospholipids of muscle would 

improve the insulinemic sensitivity as well (Meyer et al., 2001). Moreover, replacement 

of a substantial proportion of saturated fatty acids with unsaturated fatty acids is related 

to an improvement of glucose tolerance in women with hyperglycaemia (Vessby et al., 

2001).  

In addition to the more “classical” obesity comorbidities explained above, 

recently, obesity and dietary fats have been identified as risk factors for cognitive decline 

and various types of neurodegenerative dementias (Craft, 2009; Kalmijn, 2000; Sellbom 

and Gunstad, 2012; Solfrizzi et al., 2003). In human epidemiological studies, it has been 

stated a correlation between high-fat diet consumption and cognitive impairment (Elias 

et al., 2003; Morris et al., 2004; Zhang et al., 2006). This link is especially notorious with 

saturated and trans fatty acids intake since it was demonstrated in many studies that a diet 

enriched with these type of fatty acids is associated with increased risk for AD (Kalmijn 

et al., 1997; Morris et al., 2003) (See section 2.1.3. Obesity and cognitive impairment).  

Importantly, the negative effects of high-fat diet intake are not necessarily 

correlated with obesity (Caterson and Gill, 2002; Yajnik and Yudkin, 2004). More 

recently, “metabolically obese, normal-weight” (MONW) individuals appeared on the 

scene. The intake of diets with an unbalanced macronutrient proportion (rich in fats or 

simple carbohydrates) is one of the main causes involved in the increasing emergence of 

MONW subjects (Bel-Serrat et al., 2014; Choi et al., 2012; Labayen et al., 2014). These 

individuals display metabolic features typical from the obese state but in the absence of 

increased body weight (e.g. higher visceral adiposity and ectopic fat deposition, insulin 



Margalida Cifre. Doctoral thesis 

	
- 14 - 

resistance, altered blood lipid profile) (Conus et al., 2007). Therefore, the risk of 

developing obesity-related diseases in individuals with MONW phenotype is likely 

increased, which constitutes a health concern as these individuals can appear as 

“apparently healthy” due to the absence of obesity.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2. Alterations associated with high intake of fat-rich foods.  

 

1.2.1. High-fat diets and obesity 

The prevalence of obesity is becoming systematically increased worldwide. 

Although obesity is a complex and multifactorial condition, as commented above, the 

adherence to a sedentary lifestyle and the consumption of inadequate diets can be 

considered as main predisposing factors to cause obesity (Rosini et al., 2012). The 

epidemic increase of this condition is worrying as the prevalence of other 

pathophysiological complications such as cardiovascular and metabolic diseases is higher 

among obese individuals (Saydah et al., 2014; Wickham et al., 2009). Hyperlipidemic 
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diets are known to be directly related to obesity development (Velloso, 2009). In this 

respect, the adoption of hyperlipidic diets has been extensively used as a model to induce 

obesity in laboratory animals because of their great similarity to the genesis and metabolic 

responses caused in human obesity (Rosini et al., 2012). Obesity is clearly linked to 

inflammation, which is considered as the precursor of insulin resistance and of 

homeostatic and molecular alterations which could be related to the appearance of 

different pathologies, including alterations in cognition (Dandona et al., 2004; Shefer et 

al., 2013). 

1.2.1.1. Obesity and inflammation 

It is well known that obesity corresponds to a sub-clinical inflammatory condition 

where a low-grade inflammation of white adipose tissue (WAT) is observed (Bastard et 

al., 2006) which contributes to adipocyte expansion and dysfunction. Noteworthy, 

inflammation state does not necessarily correlate with higher body weight. In this respect, 

a number of studies have shown that MONW individuals display higher levels of plasma 

pro-inflammatory cytokines in comparison to that observed in healthy subjects (De 

Lorenzo et al., 2007). The meaningfulness of the association between consumption of 

unbalanced diets rich in fat and inflammation is worthy of mention. Wide evidence has 

been gathered in animal models and humans suggesting that these inflammatory 

processes have a causal relationship between obesity and its comorbidities, such as insulin 

resistance, type 2 diabetes and CVD (Dandona et al., 2004). Hyperinsulinemia and insulin 

resistance develop rapidly in response to increased caloric intake and weight gain, even 

before obesity development (Danielsson et al., 2009; Lee et al., 2011b). The adipose mass 

represents an important source of inflammatory cytokines including TNFa and IL-6. 

Beyond these ones, adipose tissue cytokine production is extended to include leptin, 

resistin in rodents, monocyte chemoattractant protein-1 (MCP-1), PAI-1, visfatin, 

angiotensinogen and others. The expression of all of them is increased with increased 

adiposity (Bastard et al., 2006; Shoelson et al., 2006). Adiponectin is also produced by 

fat but its expression is reduced with higher adiposity (Scherer et al., 1995). While leptin 

and adiponectin seem to be produced exclusively by adipocytes, TNFa, IL-6, MCP-1, 

PAI-1, resistin in humans, and visfatin are produced at high levels in activated 

macrophages infiltrating the WAT (Shoelson et al., 2006). These cytokines appear to have 

a central role in the induction and maintenance of the chronic inflammatory state 
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associated with the dysfunction of adipose tissue and, thus, with obesity. Moreover, it has 

been demonstrated that these cytokines and chemokines modulate intracellular pathways 

that lead to the development of insulin resistance and T2D (Bastard et al., 2006; Shoelson 

et al., 2006). The proof of the relationship between dietary fat consumption, insulin 

resistance and T2D has emerged in several studies. 

1.2.1.2. Obesity and homeostatic alterations 

Obesity is characterised by a loss of homeostatic control of energy stores in the 

body. As it has been mentioned above, obesity is related to a chronic peripheral 

inflammatory state. The inflammatory process is occurring as well in the hypothalamus, 

the principal central organ involved in the control of food intake and energy expenditure, 

leading to a defective regulation of energy homeostasis (De Souza et al., 2005; Milanski 

et al., 2009; Yang and Hotamisligil, 2008). Although there are a number of players in the 

control of energy homeostasis in hypothalamus, insulin and leptin are regarded as the 

most robust peripheral adipostatic signals acting at hypothalamic level (Schwartz et al., 

2000). Both hormones have an anorexigenic role and help to the hypothalamus to 

coordinate a perfect coupling between food intake and energy expenditure control 

(Velloso, 2009), maintaining the body adiposity at a physiological level. Excessive fat 

accumulation occurring in the obese state is related to higher levels both of insulin and 

leptin which finally leads to the installation of resistance to the anorexigenic and energy 

expenditure effects of these hormones in the hypothalamus (De Souza et al., 2005) among 

other brain areas (Shefer et al., 2013). Several groups tried to identify the mechanisms 

underlying the functional resistance to leptin and insulin in the obese state. It has been 

stated that upon diet-induced obesity in animal models, the induction of inflammation, 

specifically in the hypothalamus, promotes a breakdown in leptin and insulin signalling 

systems, which in turn impairs their physiological anorexigenic roles (Carvalheira et al., 

2001; Torsoni et al., 2003). With time, the homeostatic control of body energy stores is 

lost and obesity emerges (Velloso, 2009).  

The loss of energy homeostasis control in the obese state is associated with 

insensitivity in the response to feeding conditions (Caimari et al., 2007; Garcia et al., 

2010; Oliver et al., 2013). It has been shown that offspring of moderate caloric restricted 

dams during gestation (a model of obesity predisposition) displayed anomalies in 

hypothalamic structure and function with alterations in the expression of important genes 

involved in the control of food intake, evidencing an impaired response to fed/fasting 
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conditions (Garcia et al., 2010). Key homeostatic tissues vary their expression patterns 

during fasting in order to adapt to the new physiological situation. This means that to 

coordinate fasting adaptations, as a general trend, metabolic tissues produce a decrease 

of genes involved in fatty acid synthesis and adipogenesis and an increase in the 

expression of genes involved in energy catabolism in key homeostatic tissues (Palou et 

al., 2008; Palou et al., 2010). For example, (Reynés et al., 2014) reported that liver, 

adipose tissue and muscle of rats fed with a control diet displayed a reduction in the 

expression of fatty acid synthase (Fasn) and sterol regulatory element binding protein 1a 

(Srebp1a), two key genes involved in lipogenesis, with fasting. Moreover, Cpt1a which 

has a role in fatty acid b-oxidation was increased in these fasted animals. Noteworthy, 

the response to fasting was lost in obese cafeteria rats making evident the insensitivity to 

feeding conditions associated with an increased body weight, while fasting sensitivity 

was recovered when substituting the cafeteria by a control balanced diet, evidencing 

metabolic recovery associated with weight loss (Reynés et al., 2014). 

1.2.1.3. Obesity and cognitive impairment 

The relationship between obesity and cognitive disorders has recently come to 

attention. Many obesity related disorders such as insulin resistance, hypertension, and 

low grade of inflammation or altered lipid profile have been considered to be factors that 

individually alter brain structure and function (Bruehl et al., 2009). For example, it has 

been observed in mice that as a result of high-fat diet intake the rise on TNFa levels and 

macrophage/microglia activation is produced both in adipocytes and brain (Puig et al., 

2012). But more interesting it is the fact that both tissues have high levels of amyloid 

precursor protein (APP) which in turn may trigger a subsequent amyloid-b (Ab) 

deposition in brain, a typical hallmark of AD, and exert proinflammatory effects (Puig et 

al., 2012), getting in a kind of vicious cycle. This observation could be extended to 

humans as (Lee et al., 2008) demonstrated that obese subjects display higher levels of 

APP in adipose tissue and that plasma Ab is positively correlated to body fat, even in 

normoweight subjects.  

Insulin resistance seems to be a relevant factor to consider when it comes to brain 

dysfunction associated with HF diet consumption and/or obesity to the extent that AD 

has come to be considered the type 3 diabetes (de la Monte et al., 2006; Steen et al., 2005). 
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Such association is suggested by a number of findings. Insulin receptors are found in 

areas related to cognitive processing particularly in hippocampus (Shefer et al., 2013). 

Insulin resistance induces chronic peripheral insulin elevations that subsequently lead to 

progressive brain insulin resistance and insulin deficiency, both conditions related to 

cognitive deficits and AD (Baker et al., 2011; Craft, 2006, 2007; Rivera et al., 2005; Steen 

et al., 2005). In fact, (Arnold et al., 2014) reported that insulin acts as a synaptic modulator 

since central insulin resistance as a consequence of HF diet intake is associated with 

reduced expression of synaptic markers in mice hippocampus. Besides, insulin competes 

with Aβ for degradation and regulates its removal within the brain (McNay and 

Recknagel, 2011). Therefore, an impairment of insulin action would be deleterious for 

the modulation of Aβ processing, enhancing the chances of brain Aβ accumulation. 

Evidences that reinforces the relationship between insulin resistance and cognitive 

deficits are given by the fact that treatment with insulin sensitizers or intranasal insulin is 

able to improve cognitive performance in animal models of AD (de la Monte et al., 2006) 

and in human individuals with AD or MCI  (Haan, 2006; Landreth, 2007; Pedersen et al., 

2006). Nevertheless, it is worth mentioning that the findings are not without controversy. 

(Whitmer et al., 2007) reported that obesity or overweight without T2M increases the risk 

for subsequently developing AD by 3-fold and 2-fold, respectively. Moreover, (Moroz et 

al., 2008) showed in a mouse model of obesity and T2M that these conditions caused 

brain atrophy with insulin resistance, oxidative stress and cytoskeleton degradation. 

However, they failed to find features typifying AD such as increases in Ab or phospho-

tau in brain suggesting both conditions contribute to but are not sufficient to cause, AD.  

Hippocampus is a complex brain structure placed deep into temporal lobe (Anand 

and Dhikav, 2012) (Figure 1.3). It is highly plastic, in fact, the hippocampus is one of the 

unique regions in the brain where the neurogenesis continues during adulthood (Bonfanti 

and Peretto, 2011). This brain region has a major role in learning and memory and it is 

greatly vulnerable to a variety of stimuli which would explain that hippocampus is one of 

the main structures get affected in a variety of neurological and psychiatric disorders such 

AD (Anand and Dhikav, 2012). Therefore, most of the studies on the effects of obesity 

and high-fat diets on cognitive function are performed in hippocampus. Although the 

hippocampus is especially related to learning and memory processes, it is also important 

in spatial navigation (Stella et al., 2012), emotional behaviour (Toyoda et al., 2011) and 

regulation of hypothalamic functions (Koehl and Abrous, 2011).  
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Figure 1.3. Hippocampus is located in the medial temporal lobe of the brain. It belongs to the lymbic 

system and is largely responsible for memory formation. Modified from D.P. Lyle, 2013 

 

1.2.2. High-fat diets and “metabolically obese, normal weight” (MONW) 

phenotype 

Despite the fact that BMI has been widely used as an indicator to determine the 

risk to develop pathologies associated with the intake of unbalanced diets, many studies 

have reported that this association is not necessarily correlated with the overweight or 

obese state (De Lorenzo et al., 2013; Janssen et al., 2004). There is a subset of subjects 

known as MONW individuals that are not obese in terms of weight and height but display 

metabolic characteristics usually associated with an increased body weight, such as 

hyperinsulinemia, insulin resistance, hypertriglyceridemia and hypertension (Ruderman 

et al., 1981) that may predispose them to the development of metabolic syndrome (Figure 

1.2). In fact, MONW individuals have an increased risk of developing T2D and CVD 

(Lopez-Miranda and Perez-Martinez, 2013).  
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In the etiology of MONW phenotype, the significance of an inappropriately 

dietary pattern is underlined. In this respect, the adherence to diets rich in fats or simple 

carbohydrates is one of the main causes involved in the increasing emergence of MONW 

individuals (Bel-Serrat et al., 2014; Choi et al., 2012; Labayen et al., 2014). These 

subjects often present an increased adiposity, especially in the abdominal and visceral 

areas (Conus et al., 2007). The higher adiposity in MONW individuals is associated with 

impaired insulin sensitivity (Conus et al., 2004; Katsuki et al., 2003) which is an expected 

fact taking into account that adipose tissue plays a critical role in the development of 

insulin resistance (Freedland, 2004; Kelley et al., 2000). Besides the greater accumulation 

of fat in visceral depots, it has been described an ectopic accumulation of fat in liver, 

muscle and heart (Thomas et al., 2012) contributing to the pathogenesis of insulin 

resistance. Another typical feature showed up by these subjects related to metabolic 

syndrome is an altered blood lipid profile with higher levels of total plasma cholesterol 

(Conus et al., 2004; Dvorak et al., 1999) and plasma triglycerides (Katsuki et al., 2003; 

Molero-Conejo et al., 2003). Interestingly, the MONW phenotype may be programmed 

in early life. (Pomar et al., 2017) reported that maternal overnutrition with cafeteria diet 

in female Wistar rats exerts permanent metabolic effects in the offspring resulting in a 

MONW phenotype and highlighting the importance of early nutrition. 

The presence of MONW individuals is becoming a public health problem. 

Recently a meta-analysis study set up the prevalence of MONW individuals 

approximately at 20% (Wang et al., 2015) even so the prevalence can vary depending on 

sex and ethnicity (Conus et al., 2004; St-Onge et al., 2004) being the MONW phenotype 

more prevalent among men and European populations (Wang et al., 2015). This is a 

special problem as the development of risk factors for T2D and CVD runs in parallel to 

the increase in incidence of MONW individuals since they have no excessive body weight 

and may escape clinical detection using the classical anthropometric measurements, 

hindering them from taking advantage of preventive and intervention strategies. 

Therefore, it is of utmost importance finding out new early biomarkers in order to help in 

the identification of individuals with MONW phenotype. In this thesis, we have studied 

if the MONW phenotype, in addition to CVD, is associated with other obesity-related 

pathologies, particularly to cognitive impairment, looking for risk biomarkers in PBMC. 
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1.3. PBMC in studies of metabolic alterations associated with 

obesity and MONW phenotype  

In the last years, research about obesity and lifestyles has been intensified due to 

the worrying increase in the incidence of obesity and unhealthy diets consumption. In 

order to tackle the disorders associated with unhealthy lifestyles, prevention strategies 

have proven to be urgent. Then, finding early risk biomarkers is of special interest in the 

field of diet-related diseases since it is at early stages of the disorders when the nutritional 

interventions are really effective. 

As it has mentioned throughout this introduction, PBMC are emerging as a 

suitable source of early biomarkers in nutritional studies. Summarizing, these cells are 

able to respond at gene expression level to dietary interventions and specific nutrients 

(Díaz-Rúa et al., 2015; Myhrstad et al., 2011; Zhao et al., 2007), to changes in feeding 

conditions (Bouwens et al., 2007; Caimari et al., 2010b) and they are even able to show 

up the development of obesity and homeostatic alterations associated with the obese state 

(Caimari et al., 2010c; Oliver et al., 2013). It is not surprising the great ability of PBMC 

to delineate a specific gene expression pattern according to physiological changes on the 

environment as it is known that these cells are a target for metabolic hormones action 

such as insulin (Dandona et al., 2001), glucagon (Goldstein et al., 1975) and leptin 

(Tsiotra et al., 2000). Besides that, molecules related to energy homeostasis are found in 

PBMC including leptin (Samara et al., 2008), visfatin (Tsiotra et al., 2007) and ghrelin 

(Mager et al., 2008). Our group previously described using DNA microarrays that PBMC 

have the ability to display a gene expression pattern reflecting feeding conditions 

(fasting/refeeding) similar to that observed in liver and adipose tissue (Caimari et al., 

2010a). Moreover, PBMC can offer a source of biomarkers of obesity. (Caimari et al., 

2010b) reported using microarray approaches as well that gene expression pattern in 

PBMC differ between healthy and obese male Wistar rats. Not only that, our group 

identified that PBMC constitute a good source to detect early markers of obesity; for 

example, Slc27a2 expression in PBMC from rats has been proposed as good marker of 

overweight development (Caimari et al., 2010c) and Cpt1a expression analysis has been 

suggested as an early biomarker of diet-related metabolic alterations (Díaz-Rúa et al., 

2016). 
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As it has already stated in previous sections, obesity is related to a lack of energy 

homeostatic control which is translated in an inability to face up physiological changes 

such as fasting. (Oliver et al., 2013) described in rats that PBMC may constitute a suitable 

source of biomarkers of early homeostatic imbalances since these immune cells 

accurately reflect the insensitivity to feeding conditions associated with obesity. 

Moreover, the impaired fasting response in obese animals is recovered after weight loss 

and is also reflected as gene expression marks in PBMC (Reynés et al., 2015). Although 

these studies are carried out in animal models of diet-induced obesity, the fact that PBMC 

might be useful to analyse the recovery of metabolic response after weight loss strategies 

in animals would allow the future development of a new interesting tool. That is, the 

translation of this concept to humans in order to identify biomarkers giving easy and rapid 

information to clinicians and researchers about the metabolic status of overweight and/or 

obese individuals adhered to weight-loss diets.  

The intake of diets with an unbalanced macronutrient composition, especially 

those rich in fat or simple carbohydrates, are linked to the emergence of MONW 

individuals (Bel-Serrat et al., 2014; Labayen et al., 2014). As it has been previously 

mentioned, it is somehow difficult to undertake the diagnosis of these individuals because 

they do not display the anthropometric characteristics that could cluster them as 

individuals at risk of metabolic syndrome. Therefore, there is an urgent need to have and 

validate early biomarkers of the effects of unbalanced diets on health, before other 

physiological alterations appear. In this respect, our group proposed the analysis of Cpt1a 

as an early biomarker of future complications coming along with the intake of diets with 

an unbalanced macronutrient composition (high-fat and high protein diets), such as 

insulin resistance and increased liver fat deposition (Díaz-Rúa et al., 2016), typical 

features of metabolic syndrome. Taking into account that obesity and fat consumption are 

considered as risk factors for diseases related to cognitive function (e.g. various types of 

dementia and Parkinson’s disease) in the elderly, and that usually the diagnosis of these 

disorders is made when the disease is practically fully developed, it would be interesting 

to deepen on the utility of PBMC to find out biomarkers of cognitive impairment 

associated with the intake of unhealthy diets. 
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2. OBJECTIVES AND EXPERIMENTAL PROCEDURES 

The importance of a healthy balanced diet for the prevention of diseases has never 

deeply been discussed as now. Both epidemiological and experimental research are 

increasingly emerging showing up an evident association between unhealthy dietary 

patterns and a higher risk to suffer from certain diseases (Fraser, 1999; Kant, 2004). 

However, diet plays a dual role, that is, in spite of the fact that an unbalanced diet might 

increase the risk of various diseases, a proper diet or the intake of specific food bioactives, 

can result in protective effects on health (Balk et al., 2006; Hasler, 2002; Schuler et al., 

1992; Sofi et al., 2008). Keeping in mind the great importance of prevention strategies 

not only from the point of view to promote the well-being and avoiding diseases but also 

to reduce healthcare spending, it is of great interest to find out biological tools to easily 

and effectively analyse biomarkers of both positive and negative effects of diet and their 

compounds on health. In this respect, the principal aim of the present PhD thesis was 

to investigate the usefulness of PBMC as a diagnostic tool in nutrition research.  

On the one hand, this thesis has analysed the detrimental effects of high-fat diet 

consumption on cognition using animal models with a MONW phenotype. MONW 

individuals constitute an increasing part of the population which have a number of 

obesity-related features that make them more prone to diseases associated with the obese 

state (Conus et al., 2007). The relationship between obesity and cognitive-related diseases 

are just becoming known (Craft, 2009; Sellbom and Gunstad, 2012) and, therefore, it is 

no wonder then to raise the possibility that MONW individuals are at higher risk to 

develop cognitive disorders. Cognitive-related diseases are usually diagnosed when the 

disorder is practically fully developed and there are no treatments to revert the situation; 

for this reason, prevention strategies to identify subjects at risk of developing cognitive 

disorders are really urgent. The present thesis is intended to study whether the intake of 

diets rich in fat is associated with an increased risk of cognitive impairment in absence of 

obesity (MONW-like phenotype) and whether such alterations are preventable by 

neonatal leptin supplementation, using Wistar rats as animal model. But particularly, the 

studies have been focused on validating the suitability of PBMC to find out early 

biomarkers of cognitive dysfunction. To this end, a molecular analysis of the expression 

of known genes related somehow to cognitive processes, in addition to functional and 

morphological analysis, has been made both in hippocampus and PBMC.  
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Additionally, in this thesis it has been initiated a human study based in the analysis 

of PBMC with the objective to determine their usefulness for the identification of a proper 

metabolic status able to respond to external and internal stimuli (metabolic flexibility) as 

well as their usefulness to make evident obesity-related metabolic deregulations 

(metabolic impairment) both in subjects with high BMI or in normoweight subjects, 

which would be indicative of MONW phenotype. In the thesis, the evaluation of 

metabolic flexibility/impairment has been based in analysis of fasting response, as it has 

been demonstrated, in rodents, that obesity is characterised by a deregulation in energy 

homeostatic control (evident at gene expression level) which triggers an insensitivity to 

changes in feeding conditions in key energy homeostatic tissues, such as liver or adipose 

tissue, which is reflected in PBMC (Caimari et al., 2010b; Garcia et al., 2010).  

Diet can play a dual role on individuals’ health. Lately, a great deal of attention 

has been paid on food bioactive compounds due to their positive effects ameliorating the 

scenario of metabolic diseases. These bioactive compounds are of special interest in food 

industry for the development of functional foods. Therefore, finally, another objective of 

the present thesis was to develop a useful approach in humans using PBMC that enable 

to determine the effectiveness and safety of food bioactive compounds, as well as the 

influence of BMI on food bioactive response. To fulfil this objective, we set up an in vitro 

system of human PBMC from normoweight or overweight/obese volunteers, directly 

exposed to bioactive compounds, particularly long-chain n-3 PUFA and all-trans retinoic 

acid, selected according to their positive effects on obesity and their co-morbidities.  

The PhD project was performed in the group of Nutrigenomics and Obesity of the 

Laboratory of Molecular Biology, Nutrition and Biotechnology at the University of the 

Balearic Islands, under the supervision of Dr. Paula Oliver and Prof. Andreu Palou, 

thanks to a pre-doctoral grant of the Spanish Government and to the financial support of 

different funded projects, in particular, of the national project EPIMILK (AGL2012-

33692). The doctoral training was complemented with an internship at the group of Prof. 

John Mathers in the Institute for Ageing and Health at the Newcastle University. 
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I. Study of the effects of isocaloric intake of fat-rich diets on cognitive 

function and identification of early biomarkers of cognitive 

impairment in PBMC from rats with a MONW phenotype 

The relationship between overnutrition and subsequent obesity with a number of 

metabolic alterations is quite known. Recently the increasing incidence of 

neurodegenerative diseases has been related to obesity which is associated with structural 

and physiological changes in brain (Shefer et al., 2013). Given the lack of effective 

treatments against cognitive-related diseases, the need of early biomarkers to tackle these 

disorders is critical. One of the main nutritional factors with detrimental effects on 

cognitive function is fat (Kalmijn, 2000). For that reason, we have analysed the effect of 

the administration of two high-fat diets with different content of fat on cognitive function 

of Wistar rats. We intended to study the effects of increased dietary fat content on 

cognitive function but in the absence of obesity. For that reason, the diets were given in 

isocaloric conditions to a control diet to avoid overfeeding. This animal model was 

previously used in our group  and constitutes a good tool to set up the “normal-weight 

obesity” in Wistar rats.  

To fulfil our objectives, we designed Experiment 1 (Figure 2.1) in which two-

month-old rats were assigned to three groups fed with different diets until the age of 6 

months (four months of dietary intervention): control group (n=10) fed with a 

normolipidic diet (10% kcal from fat); a group fed with a high-fat diet with 45% kcal 

derived from fat (HF45; n=10); and a group fed with a very high-fat diet with 60% of 

total calories coming from fat (HF60; n=10). During the whole intervention period, high-

fat diets were administered in isocaloric conditions to all experimental groups, relative to 

the control group, to avoid overweight and to mimic MONW features.  

In order to analyse the effect of high-fat diets on cognitive function we measured 

the expression of a pool of genes related somehow to cognitive processes in hippocampus 

(App, Bdnf, Casp3, Creb, Fndc5, Naa16, Nrf2, Pgc1α, Sorl1, Syn1, Tmcc2, Tnfα, Trkb 

and Zpr1) by RT-qPCR. Moreover, we performed an immunohistochemical analysis of 

GFAP, a marker of astrocyte hypertrophy, in hippocampus. Besides, we carried out a 

behavioural test using the spontaneous alternation paradigm with a T-maze. We also 

determined other interesting parameters such as circulating glucose and insulin levels, 
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and HOMA-IR in order to go deep into the possible underlying mechanisms that explain 

the relationship between fat consumption and cognitive decline.  

As commented in the introduction, there is an imperative need to find out 

biomarkers of neurodegenerative diseases. It is obvious the impossibility to obtain brain 

tissue samples of living patients. Therefore, besides the characterization of the molecular 

consequences of high-fat diet intake on hippocampus we analysed if gene expression 

changes observed in hippocampus could be reflected in PBMC. In this way, we intended 

to validate the use of PBMC to obtain easily and with minimum invasion cognitive 

impairment biomarkers which would open new possibilities in human studies 

encouraging prevention strategies of cognitive disorders associated with the intake of 

unbalanced diets. For that, we obtained blood samples from saphenous vein each month 

during the nutritional intervention, isolated PBMC and extracted RNA. Finally, we 

analysed by RT-qPCR the expression patterns of the genes whose expression resulted 

altered on hippocampus in PBMC obtained at different time points.  

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1. Schematic diagram of Experiment 1. 

 

Data obtained from this study analysing cognitive decline in MONW rats 

associated with the intake of fat rich diets, as well as the identification of early risk 

biomarkers of cognitive impairment in PBMC are included in Chapter 1.  
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In our first experiment, we used two animal models with a MONW phenotype 

with an intervention period of 4 months, starting the dietary intervention at 2 months of 

age which means in the adulthood. In a second step, we aimed to establish a MONW 

model using a shorter period of nutritional intervention and starting at younger ages in 

order to give robustness to the potential early biomarkers of cognitive impairment 

identified in Experiment 1. Not only that, we wanted to identify those genes that may 

have the potential to be used as recovery biomarkers. To achieve our objectives, we 

performed an Experiment 2 (Figure 2.2) in which male pups of Wistar rats were orally 

treated with CaptisolÒ vehicle (n=16)	or with leptin (n=8) during the suckling period. 

Our group have a wide expertise on early-life nutrition and particularly in the study of the 

protective effects of leptin, a hormone present in breast milk, towards the obesity 

development and related metabolic alterations later in life (Konieczna et al., 2015; 

Szostaczuk et al., 2017). Besides the protective role of leptin at metabolic level, it is 

known that this hormone acts in specific brain regions ameliorating cognitive processes 

(Morrison, 2009). Therefore, with leptin administration we intended to set up a healthy 

phenotype to be able to identify biomarkers of recovery of cognitive function. After 

weaning, on day 21, both control and leptin-treated male rats were kept on a normolipidic 

control balanced diet. At day 23, control rats were randomly assigned to two groups: NF 

diet group (n=8) fed on a standard normolipidic diet with 10% calories from fat; and HF 

diet group (n=8) fed on a hyperlipidic diet with 60% calories derived from fat. Leptin-

treated group received the same high-fat diet than HF group (Lep-HF group). All rats 

were maintained on those diets until the age of three months (9 weeks of intervention 

period). As in Experiment 1, groups receiving high-fat diet were fed in isocaloric 

conditions to control group in order to achieve the “normal-weight obesity” or MONW 

phenotype. 

In this study, we selected those genes whose expression levels were changed after 

high-fat diet intake during a longer period in Experiment 1 (App, Bdnf, Casp3, Naa16, 

Sorl1, Syn1, Tmcc2, Trkb, Zpr1) and two other more genes (Psen1 and Psen2), and we 

analysed their mRNA levels on hippocampus by RT-qPCR. Again, we collected blood 

from saphenous vein each month of the intervention period to isolate PBMC and 

consequently to obtain RNA to perform gene expression analysis of those genes 

displaying changes in their expression pattern on hippocampus. Serological parameters 
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(glucose and insulin) and HOMA-IR were analysed. Moreover, we also assessed the 

working memory of these animals using a T-maze.  

	 

 

 

 

 

Figure 2.2. Schematic diagram of Experiment 2.  

 

Additionally, we wanted to deepen on the underlying mechanisms of gene 

expression alterations observed both in hippocampus and PBMC after high-fat diet 

consumption. It is known that an important regulatory mechanism of gene expression is 

epigenetic regulation. Therefore, we intended to analyse whether the methylation status 

of genes that we detected as potential biomarkers of cognitive impairment in Experiment 

2 was correlated with their expression patterns both in hippocampus and PBMC. For that 

purpose, an internship of 3 and half months was done in the laboratory of Prof. John 

Mathers at the Institute for Ageing and Health in Newcastle. During the internship, the 

methylation status of (genes) was analysed in hippocampus and PBMC samples from 

control and HF groups from the Experiment 2 using pyrosequencing analysis.  

Results obtained from this study are presented and discussed in Chapter 2.  

The next major step forward will be to validate the identified cognitive 

impairment biomarkers on human population. For that purpose, we have just started the 

preparation of a human study (BLOOD-COGNIMARK) in collaboration the neurology 

service of Son Espases University Hospital (HUSE), to collect blood samples from 

patients with different grades of dementia where we want to analyse the mRNA levels of 

the potential early markers of cognitive impairment identified in rat PBMC. The project 
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is now pending approval by Ethics Committee of Research of the Balearic Islands (CEI-

IB). 

 

II. Study of the usefulness of PBMC to analyse metabolic flexibility and 

its impairment in humans with different BMI 

Proper metabolic adaptations to fasting has a key role in homeostatic control and 

body weight maintenance. However, animal studies have demonstrated that the obese 

phenotype is related to an insensitivity to changes in feeding conditions 

(fasting/refeeding) in key energy homeostatic tissues, such as adipose tissue (Caimari et 

al., 2007; Garcia et al., 2010). Moreover, our group has previously demonstrated that the 

altered response to fasting conditions is reflected in PBMC transcriptomic profile 

(Caimari et al., 2010b; Oliver et al., 2013). Such insensitivity is probably driven by a loss 

in homeostatic control occurring during obesity and, therefore, analysis of impaired 

PBMC gene expression in response to fasting has been used in animal research to study 

obesity-related metabolic deregulation (Reynés et al., 2015). In this thesis, we aimed to 

study, in humans, whether PBMC fed/fasted gene expression analysis could be useful to 

inform about metabolic flexibility in normoweight “healthy” subjects or about metabolic 

impairment in subjects with higher BMI or even in normoweight humans, which could 

be indicative of obesity-related features, i.e. MONW phenotype. To achieve our 

objective, we designed a human study, Experiment 3 (Figure 2.3); named 

METAHEALTH-TEST. First, we prepared the proposal and submitted it to the CEI-IB. 

After its approval (nº IB 3216/16 PI), we recruited two group of volunteers (men and 

women) divided based on their BMI: normoweight group (BMI=18.5-24.9) and 

overweight/obese group (BMI ³ 25). All of them had two blood extractions, in feeding 

and fasting conditions (8 hours of nocturnal fasting). The day of blood extraction in 

feeding conditions, all participants had the same type of breakfast. The same day of blood 

collection, PBMC were isolated, and RNA extracted to perform gene expression analysis 

by RT-qPCR. At this time, we have recruited 13 individuals in the normoweight group 

and 16 in the overweight/obese group and we have started analysis of specific genes. 

Particularly, we have analysed the expression of key metabolic genes that display a 

specific expression pattern under different feeding conditions (CPT1A, FASN, NPY, 

SLC27A2, SREBP1C). Interestingly, our group has previously reported, in rats, that gene 
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expression analysis in PBMC comparing fed/fasting response which is altered in obese 

animals, is recovered after weight loss, being indicative of metabolic recovery (Reynés 

et al., 2015). Thus, the METAHEALTH-TEST study also aims to evaluate if PBMC can 

be used to study metabolic/fasting sensitivity improvement. To this purpose, the 

overweight/obese group will be placed on a dietary intervention under the supervision of 

a nutritionist to weight loss. As 5-10% weight loss occurs, obese participants will be 

submitted to two additional blood extractions (both in feeding and fasting conditions). At 

this moment, we have to start the weight loss program. The preliminary information and 

results of this study are included in Chapter 3. 

 

 

 

Figure 2.3. Schematic diagram of Experiment 3.  

 

III. Development of an in vitro system of human PBMC to determine the 

effectiveness and safety of food bioactive compounds with potential 

beneficial effects on obesity 

Nowadays, there is a great interest in nutrition and medicine fields to study the 

potential effects on health of food bioactive compounds, as it has been described that they 
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(Bakker et al., 2010; de Mello et al., 2009; Wu et al., 2013). Food bioactives are worthy of 

all-encompassing debate for scientific community as they are usually used in food industry 

for functional food development. For that reason, we consider that is relevant to dispose of 

an easy tool to examine the potential effects besides the safety of food bioactives 

compounds. Moreover, by analysing impairment in food bioactive response we intend to 
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find out biomarkers of metabolic risk in order to make more personalized diagnostic tools 

available. With these aims in mind, we designed a human study, NUTRI-BLOOD (nº IB 

2114/13 PI), the Experiment 4 (Figure 2.4) which consisted in setting up an in vitro 

system of human PBMC from two groups of men volunteers differing in their BMI 

category: normoweight group (BMI=18.5-24.9; n=9) and overweight/obese group (BMI ³ 

25; n=9). Men in the trial had a blood extraction under fasting conditions. The day of blood 

donation anthropometric (weight, height, BMI, % of fat, blood pressure and hours of sleep) 

and blood parameters (glucose, total cholesterol and triglycerides) were obtained. Insulin, 

LDL and HDL levels were determined afterwards in serum samples. PBMC were isolated 

and cultured in the presence of different food bioactives which have been previously 

described with interesting effects for human health both in animal and human studies. The 

selected compounds were long chain n-3 PUFA (acid docosahexaenoic, DHA; acid 

eicosapentaenoic, EPA; and a combination of both) and all-trans retinoic acid (ATRA). 

After 48h, cells were collected and RNA extracted. We analysed the mRNA levels of key 

metabolic (CPT1A, FASN, SLC27A2 and SREBP1C) and inflammation-related (CRP, IL6, 

MCP1, NFkB, RETN, TLR2 and TNFa) genes. Besides gene expression analysis, we 

determined cytokine release (IL6 and TNFa) in the culture medium. Data obtained from 

this study are included in Chapter 4 and Chapter 5.  

 

Figure 2.4. Schematic diagram of Experiment 4. 
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3. GENERAL METHODS AND MATERIALS 

3.1.  Obtention of samples 

3.1.1. Laboratory animals and handling  

To accomplish with part of the aims of this thesis we used male Wistar rats. For 

Experiment 1, male Wistar rats aged two-month old were purchased from Charles River 

Laboratories (Barcelona). In the case of Experiment 2, two-month old, virgin female 

Wistar rats were caged with a male rat in order to get them pregnant. After matching, 

each female was placed in an individual cage with free access to water and food. For this 

experiment, we only used the male pups. During the experimental period in both studies, 

the animals were kept at the animal facility from the University of the Balearic Islands at 

22ºC with a 12h light/12h dark cycle. In Experiment 2, male pups were assigned into 

two groups receiving different experimental treatments: control group and leptin-treated 

group. From day 1 to day 20 of lactation, and during the first 2 h of the beginning of the 

light cycle, control group received orally the same volume of CaptisolÒ vehicle as the 

maximum volume administered among the treatments to one of the experimental groups. 

On the other hand, a solution of recombinant murine leptin dissolved in CaptisolÒ was 

orally given to the leptin-treated group. The amount of leptin given to the animals was 

calculated as five times the average amount of the daily leptin intake from the mother’s 

milk, calculated in a previous study from our group (Sánchez et al., 2005). In this 

experiment, pups were weighed every day before receiving the corresponding treatment 

during all suckling period. On day 21, after weaning, both control and leptin-treated male 

rats were kept on a normolipidic control balanced diet until day 23 when animals started 

to be fed with different commercial diets. In both experiments, during dietary 

intervention, animals were caged individually. The different diets used were daily given 

in isocaloric conditions to a control diet (see in detail in Section 3.2) for 4 months in 

Experiment 1 and for 9 weeks in Experiment 2. The animals were weighed three times 

per week, the percentage of fat mass was determined each month using EchoMRI-700Ô 

(Echo Medical Systems, LLC., TX, USA). Monthly, blood samples were collected to 

isolate PBMC fraction and to obtain serum samples (see in Section 3.4) to analyse 

circulating parameters. Besides, at different time points blood samples were collected in 

fasting conditions (12 h of nocturnal fasting) to determine circulating parameters and 

HOMA-IR, a key measurement of insulin resistance (see in Section 3.7.5). At the end of 
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the experiments, animals were sacrificed by decapitation under feeding conditions. 

Tissues of interest were collected: hippocampus, liver, brown adipose tissue, and different 

white adipose tissue depots (inguinal, retroperitoneal, epididymal and mesenteric adipose 

tissues). Liver and adipose tissues were weighed; all tissues and left hippocampus were 

collected and washed with saline with 0.1% of diethyl pyrocarbonate (DEPC) to avoid 

RNA degradation and then immediately frozen in liquid nitrogen and stored at -80ºC for 

gene expression analysis. Right hippocampus and small slices of liver and adipose tissues 

were stored for future histological analysis (see in Section 3.12). Moreover, we collected 

blood after decapitation in order to obtain PBMC and serum samples. 

Reagents: 

- Recombinant murine leptin (Peprotech) 

- CaptisolÒ (Ligand Pharmaceuticals) 

- Dyethil pyrocarbonate, DEPC (Sigma) 

- Saline: NaCl (Panreac) 9 g/L 

3.1.2. Selection of participants and sample handling in human studies 

In Experiment 3 and Experiment 4, samples were obtained from human 

volunteers. First of all, we conceived the experiments and completed all required 

paperwork to obtain the approval by the Committee of Research of the Balearic Islands 

(CEI-IB). To recruit participants, we promoted both projects through social networks and 

advertising posters displayed in the University of the Balearic Islands. In both 

experiments, inclusion criteria were the same: healthy males and females for Experiment 

3 and healthy males for Experiment 4 aged 18-45 years with no chronic disease, who did 

not take regular medication or drugs, kept their habitual diet, and non-smokers. Before 

sampling, informed written consent was obtained from all participants. We took blood 

samples from each participant. Blood extractions were made by a qualified professional 

using VacutainerÒ EDTA blood collection tubes (for PBMC isolation, see in Section 3.5) 

and PAXgene Blood RNA tubes (for storage of whole blood and stabilization of 

intracellular RNA). In Experiment 3, two blood extractions were done in feeding and 8 

h nocturnal fasting conditions separated from each other by one week. The day of blood 

extraction in feeding conditions breakfast consisted on one coffee with milk, toasted 

bread with tomato and a banana. In Experiment 4, we collected blood only after a 

nocturnal fasting (8 h). The day of blood donations anthropometric (weight, height, BMI, 

% of fat, blood pressure and hours of sleep) and blood parameters (glucose) were 
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recorded. A last meal dietary recall of all participants was used in order to properly assess 

the different nutrient consumption the night before by using DIAL software (Alce 

Ingeniería, Madrid, Spain). 

Once blood samples were obtained, EDTA anticoagulated venous blood were 

immediately processed. In Experiment 3, PBMC fraction were isolated and stored at -

80ºC using Tripure reagent for subsequent RNA extraction (see in Section 3.9.4). In the 

case of Experiment 4, we processed blood samples following a specific protocol to 

setting up cultures of PBMC under the action of different food bioactive compounds (see 

in detail in Section 3.6.2).  

Materials: 

- BD Vacutainer® EDTA tubes (Becton Dickinson) 

- PAXgene Blood RNA tubes (Qiagen) 

 

3.2.  Commercial diets to induce MONW phenotype in Wistar rats 

To fulfil the previously described objectives, in this project two commercial high-

fat diets with different content of fat and a control diet were used. Diets composition is 

described in Table 1.  

 

 

Table 1. Nutritional composition of commercial diets used in this thesis.   

  
Normolipidic diet 

(D12450B) 
Hyperlipidic diet 

(D12451) 
Hyperlipidic diet 

(D12492) 

Description 10% Kcal% fat 45% Kcal% fat 60% Kcal% fat 

% (g/100 g)    
carbohydrate 67.3 41 26.3 
lipid 4.3 24 34.9 
protein 19.2 24 26.2 
others (fiber, water, 
minerals) 

9.2 11 12.6 

% (Kcal/100 kcal)    
carbohydrate 70 35 20 
lipid 10 45 60 
protein 20 20 20 
Kcal/g 3.85 4.73 5.24 

Fatty acid profile    
Saturated (%) 25.1 36.3 37.1 
Monounsaturated (%) 34.7 45.3 46.0 
Polyunsaturated (%) 40.2 18.5 16.9 
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The main characteristics of the commercial diets used are described below: 

Control diet: it is a commercial normolipidic diet (D12450B, Research Diets) 

containing 70% of energy (kcal) from carbohydrates, 20% from proteins and 10% from 

fats. 

High-fat diet 45%: this commercial diet (D12451, Research Diets) contains 35% 

of energy from carbohydrates, 20% from proteins and 45% from fats (coming mainly 

from lard). It was only used for Experiment 1. 

High-fat diet 60%: commercial diet (D12492, Research Diets) containing 20% of 

energy from carbohydrates, 20% from proteins and 60% from fats (coming mainly from 

lard). This diet was used both in Experiment 1 and Experiment 2.  

In Experiment 1, we administered the control diet, the high-fat diet 45% and the 

high-fat diet 60% to two-month old male Wistar rats during four months. In Experiment 

2, we administered the control diet and the high-fat diet 60% to male Wistar rats after the 

suckling period (starting at day 23) during 9 weeks. The high-fat diets were given in 

isocaloric conditions to the control group in order to avoid overfeeding and subsequent 

overweight. To achieve this, control animals were given free access to food and water 

and their food intake was recorded daily in order to calculate their energy (kcal) 

consumption and the amount of food (grams) had to be administered to animals kept on 

high-fat diet feeding. The energy density of the diets used for calculation was as follows: 

3.85 kcal/g for control diet; 4.73 kcal/g for the high-fat diet 45%; and 5.24 kcal/g for the 

high-fat diet 60%. If there was residual food in cages it was weighed, discarded and 

replaced with fresh diet every 24 h. Food intake of all groups was recorded daily to 

calculate the daily caloric intake and cumulative caloric intake throughout the 

experiment. 

 

3.3.  Adiposity index 

Adiposity in animals was determined by an adiposity index computed for each rat 

as the sum of the mass of all the white adipose tissue depots (epididymal, inguinal, 

mesenteric and retroperitoneal) expressed as a percentage of total body weight. 
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3.4.  Blood sample collection in animals 

Blood samples were collected from animals under fed conditions to obtain serum 

and PBMC and, additionally, under fasting conditions to obtain serum. 

3.4.1. Serum obtaining 

In rats, at different time points of the experimental period, blood samples were 

collected from saphenous vein without anaesthesia and during the first 2 h at the 

beginning of the light cycle. First of all, animals were immobilised; afterwards, hair from 

the leg was removed and a 21g needle was used to puncture the vein and to obtain blood. 

For serum sampling, blood was harvested in Eppendorf tubes with no anticoagulant. 

Samples were centrifuged at 1000 g for 10 min at 4ºC and transferred in new sterile 

containers and stored at -20ºC for subsequent analysis. Serum samples were obtained 

every month both under fed and fasting conditions.  

3.4.2. PBMC isolation 

For the isolation of PBMC, blood extractions were carried out in fed conditions 

following the same procedure as described in Section 3.4.1. We usually collected between 

1-2 ml of blood in Eppendorf tubes with 40 µl of ethylenediaminetetraacetic acid (EDTA) 

100 mM (pH=8.0) as anticoagulant. To obtain PBMC it is necessary a density gradient 

separation. Blood samples mixed with Solution C (solution C helps to maintain cellular 

viability and it is made up by NaCl and HEPES) up to 6 ml of final volume. The density 

gradient needed to isolate PBMC fraction was made up by OptiPrep™ which has the ideal 

density barrier for rodent blood cell isolation (1.074 g/ml). For that, diluted blood was 

carefully transferred in a 15 ml Corning containing 3 ml of the density barrier. Samples 

were centrifuged at 700 g for 20 minutes at 20ºC using a swinging arm centrifuge with 

minimum acceleration and deceleration to keep the density gradient in good conditions. 

The bottom of the layer contains erythrocytes which have been aggregated by the 

medium. The layer above the erythrocytes contains mostly granulocytes and the 

lymphocytes are found at the interface (buffy coat) between the plasma ant the medium 

with other slowly sedimenting particles (platelets and monocytes). PBMC fraction was 

carefully collected and transferred in a new 15 ml Corning. The cell harvest was mixed 

again with Solution C in a proportion 1:2 (v/ v) to reduce the density of the solution and 

then centrifuged at 400 g for 10 minutes at 20ºC to remove contamination by platelets. 
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Finally, the precipitate constituted PBMC population which was homogenised with 1 ml 

of Tripure reagent for subsequent RNA extraction (see in section 3.9.4). 

Reagents: 

-  0.5 M EDTA stock solution, pH 8.0: 186.1 g EDTA disodium salt dehydrate 

(Sigma) dissolved in 800 ml distilled water, 1 ml 1M HEPES (Sigma), pH 

adjusted to 7.4 and filled up to 100 ml with distilled water, 20 g of NaOH 

pellets (Panreac), pH adjusted to 8.0 and filled up to 1 liter with distilled water. 

- Density gradient made up by OptiPrep™ (Sigma) and OptiPrep™ diluent in a 

proportion 2.7:9.3 (v/v) 

o OptiPrep™ diluent consists in Solution C dissolved with sterilised MilliQ 

water (2.5:0.5; v/v). 

- Solution C composed by NaCl (Panreac) 146 mM and HEPES (Sigma) 1 M. 

 

3.5.  Blood sample collection in humans 

As mentioned above, blood extractions in humans were carried out by a qualified 

professional. Blood samples were collected under fed (Experiment 3 and Experiment 

4) and feeding (Experiment 3) conditions in order to obtain plasma and PBMC. 

3.5.1. Plasma obtaining and PBMC isolation 

For the isolation of human PBMC, the density gradient was created using Ficoll-

PaqueÔ PLUS, which is Ficoll sodium diatrizoate solution of the proper density (1.077 

g/ml), viscosity and osmotic pressure for use in a simple and rapid lymphocyte isolation 

procedure. This reagent is routinely used for isolation of blood cells in humans.  

In Experiment 3, venous blood was collected in one EDTA Vacutainer® 

collection tube. For Experiment 4, venous blood from the volunteers was collected in 

three EDTA Vacutainer® collection tubes as we needed enough amounts of PBMC to set 

up the in vitro study. Once anticoagulated blood samples were obtained they were 

transferred into 50 ml Corning and diluted 1:1 with phosphate buffer solution (PBS) 1X 

(pH=7.4) and mixed carefully by inversion. Diluted blood was then layered with caution 

in a new 50 ml Corning containing 15 ml of Ficoll-Paque PLUS solution and centrifuged 

at 400 g for 30 min at 25ºC with minimum acceleration and deceleration. After 

centrifugation and layers formation, we harvested the top layer in three microfuge tubes 

to save plasma samples which were stored at -80ºC for subsequent circulating parameters 
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analysis. The cell ring fraction (buffy coat) containing PBMC fraction was collected. This 

material was dispensed in a new container and washed once in Experiment 3 and twice 

in Experiment 4 by centrifugation with PBS 1X (up to a final volume of 40 ml) at 300 g 

for 10 min at 25ºC to remove any platelets. In Experiment 3, once we obtained the pellet 

with PBMC fraction, it was homogenised with 1 ml of Tripure reagent, transferred to an 

Eppendorf tube and stored at -80ºC until RNA extraction (see in section 3.9.4). In the 

case of Experiment 4, pellet was suspended in the corresponding culture medium as 

explained in the next section (Section 3.6). 

Reagents: 

- Phosphate buffer solution (PBS) 1X: (pH=7.4): 5.24 g NaCl (Panreac); 2.96 g 

NaH2PO4·2H2O (Panreac); 11.5 g NaH2PO4 (Panreac) dissolved in 1 litre of 

distilled water, pH adjusted to 7.4. 

- Ficoll-PaqueÔ PLUS (GE Healthcare Life Science) 

 

3.6.  Establishment of in vitro systems of human PBMC 

To carry out Experiment 4, we set up an in vitro system of human PBMC exposed 

to different food bioactive compounds selected in basis of their previously described 

effects on metabolism and inflammation.  

3.6.1. Food bioactive compounds preparation 

Food bioactive compounds (DHA, EPA and ATRA), all greater than 98% pure, 

were prepared as a stock solution of 10 mM dissolved in absolute ethanol and stored at -

80ºC in single use aliquots to avoid repeated freeze thaw cycles. Specifically, solutions 

of ATRA were prepared protecting it from light to prevent its oxidation. All compounds 

were prepared by serial dilutions of stock solution at the same moment it has to be 

dispensed to human PBMC cultures at a concentration of 20 µM as they were diluted 1:2 

(to a final concentration of 10 µM) when administered to PBMC culture.  

Reagents: 

- Retinoic acid, ATRA (Sigma) 

- cis-5,8,11,14,17-Eicosapentaenoic acid, EPA (Sigma) 

- cis-4,7,10,13,16,19-Docosahexaenoic acid, DHA (Sigma) 

- Absolute ethanol (Panreac) 
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3.6.2 Culture of human PBMC 

Once PBMC fraction was obtained as explained in Section 3.5.1, it was diluted in 

15 ml of sterile RPMI-1640 culture medium supplemented with foetal bovine serum 

(10%) needed to maintain cell viability; 1% L-glutamine (2mM), an important energy 

source and specially used in cultures of immune cells; 100 unit/ml penicillin and 100 

µg/ml streptomycin, to avoid cultures contamination. Cell counting was assessed by the 

Trypan Blue exclusion method using a haemocytometer. Trypan blue is a stain that is 

selectively absorbed by dead cells which are shown as a distinctive blue colour under the 

microscope. First, a coverslip was moistened with water and affix to a glass 

haemocytometer. Then, Corning containing PBMC were swirled to ensure the cells were 

evenly distributed and 15 µl of PBMC suspension were taken out and mixed with 15 µl 

of Trypan Blue. The total volume of Trypan Blue-treated cell suspension was applied to 

the haemocytometer and disposed under a microscope focused on the grid lines of the 

haemocytometer with a 10X objective. The live unstained cells were counted using a hand 

tally counter in three sets of 16 squares. The counting was repeated by three different 

persons. To ensure an accurate compute of cells a counting system was set up whereby 

cells were only counted when they were set within a square or on the right-hand or bottom 

boundary line. To calculate the number of PBMC/ml the average cell count from each of 

the sets of 16 corner squares (3 for each human sample) was taken and then the next 

calculation was made: 

 

!"#$ %$!!& '! "(	*+","(-!	%$!!	&.&/$(&"*( = -#$+-,$	*1#"-2!$	%$!!&	3	2	3	15	'!	3	108 

 

Once live cells were counted, PBMC suspension was adjusted with sterile 

supplemented RPMI in order to have 1·106 cells for each 250 µl of suspension which was 

the volume of PBMC suspension used for each culture well. To maintain the viability of 

PBMC culture, we used magnetic beads coated with anti-CD3 and anti-CD28 

(DynabeadsÒ Human T-Activator CD3/CD28). These beads provide a physiologically 

relevant mechanism of activating T cells by mimicking the binding of antigen-presenting 

cells to T cells, allowing the stimulation and expansion of T lymphocytes. Before their 

use, beads need to be washed. First of all, we calculated the volume of magnetic beads 

solution necessary for one culture plate (1 bead per 2 cells). The desired volume was 
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taken out, transferred to an Eppendorf tube and placed on a magnet to discard the 

supernatant. Then, 1 ml of PBS 1X with bovine serum albumin 1% was added to the tube 

and the solution washed for 1 minute. Finally, tube was placed again on a magnet, the 

supernatant discarded and beads suspended in sterile supplemented RPMI medium using 

an equal volume than that picked up from magnetic beads solution. This solution of 

magnetic beads was added to the previous PBMC suspension. The assessment of each 

food bioactive effects on human PBMC maintained in vitro were carried out in triplicate. 

For that, we used 24-well plates where 1·106 PBMC (250 µl of PBMC suspension) were 

disposed in the presence of 20 µM of DHA, EPA, a combination of both, or ATRA diluted 

in 250 µl of supplemented RPMI-1640 culture medium. The final concentration of each 

food bioactive compound on culture wells was 10 µM. Control wells contained the same 

concentration of PBMC (1·106 cells) and vehicle (0.1% of ethanol) used for the 

preparation of the compounds than the treated-ones. The cultures were maintained at 37ºC 

in an atmosphere of 5% CO2 for 48 h. Then, cells were harvested, dispensed in microfuge 

tubes and centrifuged at 300 g for 10 min at room temperature. In this way, we obtained 

the culture medium (supernatant) which was collected in a new tube and the pellet with 

PBMC was suspended in 500 µl of Tripure Reagent and stored at -80ºC for subsequent 

RNA extraction. Additionally, dose-response studies for EPA and ATRA were set up 

assessing 2, 5, 10, 30 and 50 µM for EPA and 1 and 10 µM for ATRA. The procedure 

used to make up the in vitro PBMC cultures was the same than explained in the present 

section (3.6.2).  

Reagents: 

- RPMI-1640 culture medium (Sigma) 

- Foetal bovine serum (Sigma) 

- L-glutamine 200 mM (Sigma) 

- Penicillin-Streptomycin Solution (Sigma) 

- Trypan Blue Solution (Sigma) 

- DynabeadsÒ Human T-Activator CD3/CD28 (Gibco™ by Thermofisher 

Scientific) 

- Bovine Serum Albumin (Sigma) 1%: 0.1 g Bovine Serum Albumin diluted in 

10 ml PBS 1X. 

- cis-5,8,11,14,17-Eicosapentaenoic acid, EPA (Sigma) 

- cis-4,7,10,13,16,19-Docosahexaenoic acid, DHA (Sigma) 



General methods and materials 

	
- 43 - 

- Retinoic acid, ATRA (Sigma) 

- Ethanol 0.1% prepared from absolute ethanol (Panreac) 

3.6.3. Count of monocyte–lymphocyte proportion in PBMC samples  

One blood smear with 25 µl of heparinised blood was prepared for each sample 

of Experiment 4. The smears were stained with Giemsa/Leishman (Sigma-Aldrich 

Química SA, Madrid, Spain) and examined immediately with a light microscope. 

Monocyte percentage number was determined by counting the number of monocytes per 

100 PBMC (monocytes and lymphocytes). 

3.6.4. ATRA cytotoxicity assay  

To determine the potential ATRA cytotoxicity on human PBMC in vitro cultures 

we used the cytotoxicity detection kit (LDH) which is an enzymatic colorimetric assay 

suitable for quantification of cell death and cell lysis, based on the measurement of lactate 

dehydrogenase (LDH) activity released from the cytosol of damaged cells into the 

supernatant. To carry out this assay, we assessed doses of 1 µM and 10 µM of ATRA in 

human PBMC cultures following the same procedure than explained in the previous 

section. Following manufacturer’ instructions, we must include three controls in the 

experimental setup: background control which consists in culture medium only, to 

determine the LDH activity contained in the assay medium; low control that is made up 

by cell suspension and culture medium, to assess the LDH activity released from the 

untreated normal cells; and high control which consists in cell suspension, culture 

medium plus a lysis solution, to determine the maximum releasable LDH activity in the 

cells. The lysis solution had to be added to high control wells just 15 minutes before 

culture incubation was over. All background, controls and treated wells were set up in 

triplicate. When incubation period was over (48 h at 37ºC in an atmosphere of 5% CO2), 

culture medium was harvested in Eppendorf tubes and centrifuged at 300 g for 10 min at 

room temperature to remove cells. In a 96-well ELISA plate, 100 µl of culture supernatant 

were mixed with 100 µl of Reaction mixture and incubated for 30 minutes. Reaction 

mixture is composed by a catalyst and a dye solution. During the assay, LDH released 

catalyses the conversion of lactate to pyruvate triggering the reduction of NAD+ to 

NADH/H+. Then, the catalyst (diaphorase) transfers H/H+ from NADH/H+ to the 

tetrazolium salt INT (dye solution) which is reduced to formazan (red colour). The 

amount of formazan formed in the assay is proportional to the number of lysed cells. After 
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the incubation period, stop solution was added and the absorbance was read at 490 nm. 

To determine the percentage cytotoxicity, we calculated the average absorbance values 

of the triplicate samples and controls and subtracted from each of these the absorbance 

value obtained in the background control. Then, the following equation was used: 

 

9:;9	%<=*=*3"%"=<	 % = 	 $3/$+"'$(=-!	#-!.$ − !*@	%*(=+*!ℎ",ℎ	%*(=+*! − !*@	%*(=+*! 	3	100 

Reagents: 

- Cytotoxicity detection kit (LDH) (Roche Diagnostics) 

3.6.5. Measurement of cytokines release 

Cell culture supernatants were collected and tested for IL6 and TNFα cytokine 

release by enzyme-linked immunosorbent assays (ELISA) from RayBiotech. These 

assays are based on the quantitative sandwich enzyme immunoassay technique. For IL6 

analysis, a sample dilution of 1/50 was used. Dilutions of 1/8 and 1/10 (for normoweight 

and overweight or obese culture medium samples, respectively) were used to analyse 

TNFα levels. The assays employ an antibody specific for human IL6 or TNFα coated on 

a 96-well plate. 100 µl of standard or sample were added into their respective wells and 

incubated for 2.5 h at room temperature while shaking. IL6 or TNFα present in the sample 

is bound to the wells by the immobilised antibody. After removing any unbound 

substances, by 4 washing steps, 100 µl of biotinylated anti-human TNFα or IL6, where 

appropriate, were added into wells and incubated again for 1 h at room temperature with 

shaking. After washing away unbound biotinylated antibody with 4 washing steps, 100 

µl of HRP-conjugated streptavidin solution were pipetted to each well. The wells were 

washed again after 45 minutes of incubation and 100 µl of TMB substrate (3,3’5,5’-

tetramethylbenzidine) solution were added into each one. The enzyme reaction yields a 

blue product which develops in proportion to the amount of TNFα or IL6 bound. After 

30 minutes of reaction, 50µl of Stop Solution were added to give a colorimetric endpoint 

which turned the colour from blue to yellow, and the intensity of the colour was measured 

at 450 nm using a spectrophotometer Tecan Sunrise Absorbance Reader.  

Reagents: 

- RayBio® Human TNF-alpha ELISA Kit (RayBiotech) 

- RayBio® Human IL-6 ELISA Kit (RayBiotech) 
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3.7. Measurement of circulating parameters 

3.7.1. Glucose 

Glucose levels in Experiment 1, Experiment 2 and Experiment 4 were 

measured in fresh blood using an Accu-Check glucometer and test strips from Roche 

Diagnostics. To achieve this, a fresh blood drop, obtained during blood sample extraction 

both in animals and humans was applied to the test strip. After waiting some seconds, 

glucose concentration appeared on the glucometer screen.  

3.7.2. Insulin 

In Experiment 1 and Experiment 2, both of them using rats, insulin levels were 

measured in serum samples collected under feeding and fating conditions using a 

commercial ELISA from Mercodia. Mercodia Rat Insulin ELISA kit is based on the direct 

sandwich technique in which two monoclonal antibodies are directed against separate 

antigenic determinants on the insulin molecule. 10 µl of serum sample or calibrators were 

added into their respective wells and then 100 µl of enzyme conjugated 1x solution were 

also added in each well. During 2 h of incubation on a plate shaker at room temperature, 

insulin in the sample reacted with peroxidase-conjugated anti-insulin antibodies and anti-

insulin antibodies bounded to micro-titer well. After 5 washing steps, all unbound 

molecules and unbound enzyme labelled antibody were removed. The bound conjugate 

was detected by adding 200 µl of TMB (tetramethylbenzidine) substrate and by 

incubating the microplate for 15 min at room temperature. The reaction was stopped by 

adding the Stop Solution and absorbance was read spectrophotometrically at 450 nm. 

For Experiment 4, insulin from human plasma samples was measured using 

Insulin ELISA kit from Abnova whose basis is the same than that used for rats in 

Experiment 1 and Experiment 2. That is, this system uses two monoclonal antibodies 

directed against different antigenic determinants on the insulin hormone. Twenty five µl 

of insulin standards and plasma samples were added into the appropriate wells and 100 

µl of working Insulin Enzyme Conjugate were added to all wells. The 96-well plate was 

thoroughly mix for 10 sec. until ensure a complex mixing and then incubated for 1 h at 

room temperature. During incubation insulin in the sample reacts with enzyme HRP 

(horseradish peroxidase)-conjugated anti-insulin antibody and anti-insulin antibody 

bound to micro-titration well. The unbound enzyme labelled antibody is removed by 3 
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washing steps. 100 µl of TMB substrate were added into each well to detect the bound 

HRP complex. The reaction was stopped by adding 50 µl of Stop Solution to all wells 

and the colorimetric endpoint was read at 450 nm. 

Reagents: 

- Rat Insulin ELISA (Mercodia) 

- Insulin (Human) ELISA kit (Abnova) 

3.7.3. Insulin resistance 

Homeostatic model assessment for insulin resistance (HOMA-IR) is a method to 

quantify insulin resistance using circulating glucose and insulin levels, both measured 

under fasting conditions. HOMA-IR was calculated using the formula of (Matthews et 

al., 1985).  

BCD9 − E; =
1-&="(,	,!.%*&$	 ''*!! 	3	1-&="(,	"(&.!"(	('G! )

22.5  

3.7.4. Leptin 

Leptin levels were measured in serum samples of Experiment 2 using the 

Quantikine Mouse/Rat Leptin Immunoassay from R&D Systems. This assay employs the 

quantitative sandwich enzyme immunoassay technique. The microplate is pre-coated 

with a polyclonal antibody specific for mouse/rat leptin. 50 µl of Assay Diluent RD1W 

were added into each well and 50 µl of standard or sample were added into their respective 

wells. Microplate was incubated for 2 h at room temperature. The immobilised antibody 

binds any leptin, if it is present in the sample. After removing any bound substances, by 

5 washing steps, 100 µl of an enzyme-linked polyclonal antibody specific for rat leptin 

was added into wells. The enzyme reaction yields a blue product that turns yellow when 

the Stop Solution is added. The intensity of the colour was measured at 450 nm (with 

wavelength correction at 540 nm) and was in proportion to the amount of leptin bounded 

in the initial step.  

Reagents: 

- QuantikineÒ ELISA Mouse/Rat Leptin Immunoassay (R&D Systems).  
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3.7.5. Triglycerides 

Plasma triglyceride levels were analysed using the Serum Triglyceride 

Determination kit from Sigma. The procedure of this kit consists in an enzymatic 

hydrolysis by lipase of TG to glycerol and free fatty acids. The glycerol produced is then 

measured by coupled enzyme reactions (phosphorylation by glycerol kinase and 

oxidation by glycerol phosphate oxidase). Then, peroxidase catalyses a reaction to 

produce a quinoneimine dye that shows an absorbance maximum at 540 nm. The increase 

in absorbance at 540 nm is directly proportional to triglyceride concentration of the 

sample. Firstly, 240 µl of Free Glycerol Reagent were added into each well. Then, 3 µl 

of water glycerol Standard or serum were added into their respective wells. The 

microplate was incubated for 5 min at 37ºC. Finally, the absorbance was read at 540 nm 

(final absorbance). 

Reagents: 

- Triglyceride Determination Kit (Sigma) 

3.7.6. Cholesterol 

HDL, LDL and total cholesterol were determined in serum samples from 

Experiment 4 using colorimetric kits all of them purchased from Química Clínica 

Aplicada S.A.  

Total cholesterol was done through oxidase/peroxidase kit. Both free and 

esterified cholesterol present in plasma samples go through the action of oxidase enzyme 

originating hydrogen peroxide which is subjected to peroxidase action generating a 

colored complex that can be quantified by spectrophotometry. First, reagent, standard and 

samples were taken up to room temperature. 1 ml of reagent supplied in the kit was mixed 

with 10 µl of sample or standard and incubated for 10 min at room temperature. Finally, 

absorbance of standard and samples was measured at 505 nm, against a reagent blank, 

using a spectrophotometer 1100 RS (Fisher Scientific). Total cholesterol was determined 

using the following equation: 

 

',	Jℎ*!$&=$+*! K! = &-'/!$	-2&*+2-(%$
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For the determination of both HDL and LDL levels we used a direct colorimetric 

method. In the case of HDL, the method is based on the property of a detergent to liberate 

the HDL fraction by solubilisation, which then reacts with the chromogen, cholesterol 

esterase and oxidase to give rise to a measurable colour at 600 nm. The use of a polyanion 

stabilises the lipoproteins (VLDL, LDL and chylomicrons) by adsorption, and therefore 

cannot react with the enzymatic complex. To carry out the determination of HDL 

cholesterol, first the calibrator supplied by the kit was rehydrated with 1 ml of deionized 

water and let stand for 20 min. 4 µl of sample or calibrator were mixed with 300 µl of 

Reagent A and incubated at 37ºC for 5 min. Absorbance was read at 600 nm (Abs1) 

against air as blank. Then, 100 µl of Reagent B were added to both samples and calibrator 

which were incubated again at 37ºC for 5 min and absorbance (Abs2) read at 600 nm. 

HDL cholesterol was calculated using this equation: 

 

',	BLM	%ℎ*!$&=$+*! K! = 92&N − 92&O 	&-'/!$
92&N − 92&O 	%-!"2+-=*+

	3	[%-!"2+-=*+] 

 

The LDL determination is based on two specific steps. In the first one, 

chylomicron, VLDL and HDL are selectively eliminated by means of specific oxidation 

reactions with cholesterol esterase and cholesterol oxidase, and also by specific 

degradation reaction with catalase, forming cholestenone and hydrogen peroxide. In the 

second step, the remainder of LDL-cholesterol can be spectrophotometrically measured 

when a colour is formed as it is transformed (quinone complex) by the presence of 

specific surfactants. To measure LDL cholesterol, first of all the calibrator supplied by 

the kit was rehydrated with 2 ml of deionized water and let stand for 20 min. Then, the 

procedure was similar to that for HDL cholesterol determination. In the first step, 5 µl of 

sample or calibrator were mixed with 300 µl of Reagent A and incubated at 37ºC for 5 

min. Absorbance was read at 600 nm (Abs1), against the Reagent A as blank. In the second 

step, 100 µl of Reagent B were added to both samples and calibrator which were 

incubated again at 37ºC for 5 min and absorbance (Abs2) read at 600 nm, against the 

Reagent B as blank. LDL concentration was calculated using the following equation: 
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Reagents: 

- Cholesterol oxidase/peroxidase kit (Química Clínica Aplicada, S.A.) 

- LDL-cholesterol direct kit (Química Clínica Aplicada, S.A.) 

- HDL-cholesterol direct kit (Química Clínica Aplicada, S.A.) 

 

3.8. Measurement of fat liver content 

Total fat liver content from Experiment 1 and Experiment 2 animals was 

determined by Folch method (FOLCH et al., 1957). Liver tissue (0.4 g approximately) 

was homogenised with 5 ml of chloroform:methanol (2:1). The homogenate was filtrated 

in Folch tubes to recover the liquid phase and filter was washed with 2 more ml of 

chloroform:methanol. The volume of each sample was then adjusted to 10 ml and washed 

with 2 ml of 0.45 % NaCl solution and shaken thoroughly for 2 min. Then, samples were 

centrifuged at 2000 rpm for 5 min at room temperature getting two phases, the lower one 

with chloroform containing lipids and the upper one with water, methanol and debris. The 

aqueous phase was removed using a Pasteur pipette and pure methanol was added up a 

final volume of 10 ml. This cycle of mixing, centrifugation and debris removing was 

carried out two times but using 0.9% NaCl solution instead the previous one (0.45% NaCl 

solution). Subsequently, 4.5 ml of this lipidic extract were dispensed in dry and pre-

weighted Folch vials. The vials were place on the heater at 60ºC until chloroform was 

completely evaporated and lipid content was determined weighting each Folch vial. 

Reagents: 

- Chloroform (Panreac) 

- Methanol (Panreac) 

- NaCl (Sigma) 9 g/l 

- Deionized water 
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3.9.  RNA extraction 

3.9.1. Hippocampus RNA extraction 

Total RNA was extracted from rat hippocampus using Tripure Reagent (Roche 

Diagnostics) and then purified and concentrate using the E.Z.N.AÒ MicroElute RNA 

Clean-Up Kit (Omega Bio-tek) according to the manufacturer’ instructions. Tripure 

Reagent allows the isolation of total RNA, DNA and protein from the same sample in a 

single-step liquid-phase separation. Samples were homogenised in 1 ml of Tripure using 

a tissue homogeniser. During sample lysis, Tripure disrupts cells and denatures 

endogenous nucleases, thus preserving the integrity of RNA and DNA in the sample. 

After homogenisation, 200 µl of chloroform were added and samples were incubated on 

ice for 15 min. The homogenates were centrifuged at 12000 g for 10 min at 4ºC. After 

centrifugation, the solution contains three phases – an upper aqueous phase, a white 

interphase, and a red organic lower phase. The upper phase which contains the RNA was 

placed in a separate tube. The other two phases were stored at -80ºC for future DNA 

extraction and epigenetic analysis (see in Section 3.14) of hippocampal samples coming 

from Experiment 2. RNA was recovered from the colourless aqueous phase by 

precipitation using 500 µl of isopropanol. Samples were incubated overnight at 4ºC to 

allow the RNA precipitate to form. Then, the solution was centrifuged at 12000 g for 10 

min at 4ºC and supernatant was discarded obtaining RNA pellet. 1 ml of ethanol 75% was 

added to each sample and centrifuged again at 7500 g for 5 min at 4ºC. The excess of 

ethanol was carefully removed from RNA pellet using a micropipette. RNA pellet was 

suspended in 50 µl of RNase free water.  

10 µl of total RNA were purified using the E.Z.N.AÒ MicroElute RNA Clean-Up 

Kit. The sample volume was adjusted to 100 µl with RNase free water. 350 µl of QVL 

Lysis buffer were added and mixed by vortexing. Then, 250 µl of absolute ethanol were 

dispensed to each sample. Samples were vigorously shaken and all volume was 

transferred to a column pre-inserted into a 2-ml collection tube and then centrifuged at 

10000 g for 15 sec at room temperature. The flow-through was discarded and 500 µl of 

RNA Wash Buffer were added. Columns were inverted several times to ensure the 

washing and centrifuged at 10000 g for 30 sec. The washing step was repeated twice but 

the last centrifugation was performed at 13000 g for 2 min to dry the membrane’ columns. 

The flow-through was discarded and the column was placed in a new collection tube and 
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centrifuged at 20000 g for 5 min. Finally, columns were transferred to a clean 1.5 ml 

microfuge tube and RNA was eluted with 15 µl of DEPC-treated water (added directly 

onto membrane’ column) by centrifuging at 20000 g for 1 min.  

Reagents: 

- Tripure Isolation Reagent (Roche Diagnostics) 

- E.Z.N.AÒ MicroElute RNA Clean-Up Kit (Omega Bio-tek) 

- Chloroform (Sigma) 

- Isopropanol (Sigma) 

- RNase free water (Sigma) 

- Absolute ethanol (Panreac) 

3.9.2. PBMC RNA extraction 

Total RNA was extracted from rat PBMC (Experiment 1 and Experiment 2) and 

human PBMC (Experiment 3) using Tripure Reagent and then purified and concentrate 

using the E.Z.N.AÒ MicroElute RNA Clean-Up Kit. The procedure followed was the 

same than that explained in the previous section for hippocampus RNA extraction with 

some modifications regarding the extraction with Tripure. The first homogenisation step 

was removed since cells were lysed at the moment of PBMC obtention by adding 1 ml 

Tripure and pipetting. 200 µl were directly added to each sample and the same steps 

explained before were followed. The red organic phase containing DNA and protein was 

also stored at -80ºC to purify the DNA of the samples from Experiment 2 for epigenetic 

analysis (see in Section 3.14). RNA pellet was suspended in 15 µl of RNase free water. 

In this case, the whole volume containing total RNA was purified with the E.Z.N.AÒ 

MicroElute RNA Clean-Up Kit.  

Reagents: 

- Tripure Isolation Reagent (Roche Diagnostics) 

- E.Z.N.AÒ MicroElute RNA Clean-Up Kit (Omega Bio-tek) 

- Chloroform (Sigma) 

- Isopropanol (Sigma) 

- RNase free water (Sigma) 

- Absolute ethanol (Panreac) 
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3.9.3. Cultured PBMC RNA extraction 

Total RNA coming from PBMC maintained in vitro in Experiment 4 was 

extracted using the Direct-zolÔ RNA MiniPrep Kit by Zymo Research. This kit provides 

a simple and rapid method to obtain high-quality RNA directly from relatively low 

quantity of cells or tissues in Tripure Reagent. An equal volume absolute ethanol was 

added to cultured PBMC previously lysed in Tripure Reagent. The mixture was applied 

directly to the Zymo-SpinÔ IIC Column and centrifuged at 13000 g for 1 min at room 

temperature. Column was placed into a new collection tube and 400 µl Direct-zolÔ RNA 

PreWash were added to the column and centrifuged again at 13000 g for 1 min. The flow-

through was discarded and the pre-wash step repeated once again. Then, 700 µl RNA 

Wash Buffer were added to the column and centrifuged 13000 g for 1 min. To ensure a 

complete removal of the wash buffer, the column was additionally centrifuged at 13000 

g for 2 min. Finally, the column was transferred in a 1.5 ml microfuge tube and 25 µl of 

RNase free water were added directly to the column matrix which was centrifuged at 

18000 g for 1 min to elute RNA. 

Reagents: 

- Direct-zolÔ RNA MiniPrep Kit (Zymo Research Corp.) 

3.9.4. RNA quantification and integrity assessment 

NanoDrop ND-1000 Spectrophotometer was used for quantification of nucleic 

acids using UV absorption. The concentration of nucleic acids can be determined using 

the Beer-Lambert law, which predicts a linear change in absorbance with concentration. 

An A260 reading of 1.0 is equivalent to about 40 µg/ml of RNA and the OD at 260 nm 

is used to determine the RNA concentration in a solution. RNA has its absorption 

maximum at 260 nm and the ratio of the absorbance at 260 nm and 280 nm is used to 

assess the RNA purity of an RNA preparation. A ratio of approximately 2.0 is generally 

accepted as pure for RNA. If the ratio is appreciably lower, it may indicate the presence 

of protein, phenol or other contaminants that absorb strongly at or near 280 nm. In 

addition, A260/230, a secondary measure of nucleic acid purity, indicates the 

contamination degree with the organic dissolvent (the proper value is approximately 

ranging 1.8-2.2). For spectrophotometric quantification of isolated total RNA 2 µl of 

sample were used. 
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The integrity of RNA was assessed using 1.0% agarose gel electrophoresis. 

Agarose gel electrophoresis technique relies on the negative charge of RNA/DNA for size 

separation in sieving matrix. Visualisation of 28S and 18S rRNA bands is an indicator of 

sample integrity. Intact total RNA is characterised by sharp bands, from which the 28S 

rRNA band should be approximately twice as intense as the 18S rRNA band. Completely 

degraded RNA appears as a very low molecular weight smear.  

To assess the integrity of RNA samples, 250 ng of total RNA were used in the 

case of hippocampus RNA samples and 100 ng of total RNA were used for PBMC RNA 

samples. Total RNA was mixed with Loading Buffer and loaded into 1% agarose gel, 

prepared by dissolving agarose in Tris buffer solution and adding SYBRÒ Safe DNA gel 

stain in gels. Gel was run at 80 V/cm until the blue indicator has migrated so far as 2.5 

cm of the length of the gel (about 30 min). Bound to nucleic acids, SYBRÒ Safe stains 

has fluorescence excitation maximum at 280 and 502 nm, and an emission maximum at 

530 nm. RNA bands stained with SYBRÒ Safe DNA gel stain were visualised using UV 

transilluminator (ChemiGenius) connected with a program GeneSnap. After exposition 

of the gel to UV light, the emitted fluorescence was photographed (using GeneSnap 

program) and sharpness of 28S and 18S rRNA bands was evaluated. 

Reagents: 

- RNase free water (Sigma) or DEPC-treated water (Omega bio-tek) (to perform 

Blank measurement on NanoDrop Spectrophotometer the corresponding 

water was used, depending on the type of dissolvent used when isolating 

RNA). 

- Agarose (Pronadisa) 

- Electrophoresis running buffer: TBE 0.5X (Tris/Borate/EDTA: 44.5 mM Tris 

base, 44.5 mM Boric acid, 1 mM EDTA) 

- Loading Buffer: 50% glycerol (Sigma), 0.25% Bromophenol blue (Panreac) 

- SYBRÒ Safe DNA gel stain (Invitrogen) 
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3.10. Reverse Transcription (RT) of total RNA to cDNA  

Different protocols were used to transcribe total RNA to cDNA depending on the 

nature of RNA samples.  

3.10.1. RT of hippocampus samples 

Isolated total RNA (0.1 µg diluted in 5 µl of RNase free water) of hippocampus 

samples was firstly denaturalised at 65ºC for 10 min in an Applied Biosystems 2720 

Thermal Cycler (Applied Biosystems). 7.5 µl of RT-mix per sample was taken to proceed 

with RT reaction. RT-mix consisted of: 1.25 µl of 10x buffer, 1.25 µl of 25 mM MgCl2, 

2 µl of 2.5 mM dNTPs, 0.5 µl of Random Hexamers, 0.5 µl of RNase Inhibitor, 0.5 µl of 

Reverse Transcriptase enzyme and 1.5 µl of RNase free water. RT conditions were as 

follows: 15 min at 20ºC, 30 min at 42ºC and a final step of 5 min at 95ºC and infinite at 

4ºC. 

Reagents: 

- RNase free water (Sigma) 

- Buffer 10x (Promega) 

- RNase inhibitor 20 U/µl (Applied Biosystems) 

- Random Hexamers 50 U/µl (Applied Biosystems) 

- dATP 100 mM (Invitrogen) 

- dCTP 100 mM (Invitrogen) 

- dGTP 100 mM (Invitrogen) 

- dTTP 100 mM (Invitrogen) 

- Reverse Transcriptase enzyme (MuLV RTR, murine leukemia virus reverse 

transcriptase) (Applied Biosystems) 

3.10.2. RT of PBMC samples 

As the starting concentration of total RNA in PBMC samples was relatively low, 

we used iScript cDNA synthesis kit (Bio-Rad Laboratories) according to the 

manufacturer’ protocol. The iScript reverse transcriptase, RNase H+enzyme, is modified 

MMLV-derived reverse transcriptase, optimised for reliable cDNA synthesis over a wide 

dynamic range of input RNA. The enzyme is provided preblended with RNase inhibitor. 

The iScript reaction mix consists of the unique blend of oligo (dT) and random hexamer 

primers. For a total of 0.05 µg of RNA (in a final volume of 15 µl), 4 µl of 5x iScript 
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reaction mix and 1 µl of iScript reverse transcriptase were added. Complete reaction mix 

was incubated for 5 min at 25ºC, 30 min at 42ºC and 5 min at 85ºC. 

Reagents: 

- iScriptÒ cDNA synthesis kit (Bio-Rad Laboratories) 

 

3.11. Real-time Polymerase Chain Reaction (qPCR) 

qPCR was performed using the SYBRÒ Green Detection Method. The basis of 

this method is that during the PCR, as amplification process moves onward, the 

fluorescence from SYBRÒ Green dye increases. As the SYBRÒ Green dye binds to 

double-stranded amplicons, it undergoes a conformational change and emits fluorescence 

at a greater intensity.  

For cDNA samples from the different adipose tissue depots and PBMC samples, 

qPCR was performed by loading into a PCR plate 2 µl of RT product dilution (1/10 for 

hippocampus and 1/5 for PBMC) and 9 µl of PCR mix. For each sample, PCR mix 

consisted of: 5 µl of Power SYBR Green PCR Master Mix, 3.1 µl of RNase free water 

and 0.45 µl of each primer (forward and reverse). Primers were designed and obtained 

from Sigma (Madrid, Spain) and primer dilution ranged from 2.5 µM to 5 µM each.  

qPCR was run using the Applied Biosystems StepOnePlus QPCR systems 

(Applied Biosystems) with the following profile: 10 min at 95ºC followed by a total of 

40 two temperature cycles (15 sec at 95ºC and 1 min at 60ºC). In order to verify the purity 

of the products, a melting curve was produced after each run according to the 

manufacturer instructions. 

A threshold cycle (Ct value) was obtained for each amplification curve by the 

instrument’ software (StepOne Software v2.2.2) and a DCt value was first calculated by 

subtracting the Ct value for reference gene from the Ct value for each sample. Fold 

changes compared with the endogenous control were then determined by Pfaffl method 

(Pfaffl, 2001) for samples from Experiment 1 and Experiment 2 or by Livak method 

(Livak and Schmittgen, 2001) for samples from Experiment 3 and Experiment 4. Gene 

expression results were given as expression ratio relative to reference gene expression. 

Gene expression data from animal experiments (Experiment 1 and Experiment 2) were 

normalised against the reference genes guanosine diphosphate dissociation inhibitor 1 
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(Gdi1) and ribosomal protein lateral stalk subunit P0 (Rplp0) for hippocampus samples. 

Both of them have previously described as useful housekeeping genes (Akamine et al., 

2007; Caimari et al., 2010a). For PBMC samples from the same experiments, data were 

normalised against integrin 1b (Itg1b) which has been identified as a good reference gene 

in microarray studies (Díaz-Rúa et al., 2015). In the case of human PBMC samples 

(Experiment 3 and Experiment 4), we used RPLP0 as a reference gene since it has been 

described as a stable reference gene for isolated human PBMC (Dheda et al., 2004). 

Reagents: 

- RNase free water (Sigma) 

- Power SYBR Green Master Mix (Applied Biosystems) 

- Primers forward and reverse (provided by Sigma) 

 

3.12. Histological analysis 

Pieces of different tissues were collected during animal sacrifice for histological 

analysis. To avoid cell damage, and to preserve the integrity, tissue samples were 

immediately fixed by immersion in 4% paraformaldehyde prepared in 0.1 M phosphate 

buffer (pH=7.4). Fixed samples were embedded in paraffin blocks to provide sufficient 

external support during sectioning. The fixative and water from the tissue had to be 

removed by dehydration in graded series of ethanol: 50% ethanol for 30 min, 75% ethanol 

for 30 min, 96% ethanol for 45 min, 96% ethanol for 45 min at room temperature, and 

then overnight at 4ºC; and finally, three-times for 60 min with absolute ethanol. Then, 

tissue samples were cleared in xylene (twice for 45 min) and finally embedded in paraffin 

into plastic bottles. Different tissues embedded in paraffin can be stored in the same bottle 

until sectioning. To obtain tissue sections, paraffin was firstly melt in the oven, at 60ºC 

overnight, to pick up from the bottle the specific tissue we wanted to cut off.  

We performed either a morphometric and immunohistochemistry analysis in 

hippocampus tissue samples from Experiment 1. During the sacrifice, we always kept 

the left hippocampus for histological analysis. Hippocampus in paraffin fixed blocks were 

cut at 5 µM thick using a microtome and mounted on Super-Frost/Plus slides. Sections 

were dehydrated with series of ethanol, cleared in xylene. Immunohistochemistry 

analysis of GFAP was performed in hippocampus samples. Five-micrometre-thick 

sections of hippocampus were immunostained by means of the avidin-biotin technique 
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(Raji et al., 2009). Briefly, sections were pre-treated with citrate buffer pH 6 for 20 min 

in a microwave oven at maximum power followed by incubation with normal goat serum. 

Then, they were incubated overnight at 4 ºC with primary rabbit polyclonal anti-GFAP 

antibody diluted 1:400 with PBS. Sections were then incubated with goat anti-rabbit IgG 

secondary antibody diluted 1:200 and afterwards with ABC complex. Peroxidase activity 

was revealed with Sigma Fast 3,3′- diaminobenzidine as a substrate. Finally, sections 

were counterstained with haematoxylin and mounted in Eukitt (Kindler, Germany). 

Images were acquired with a Zeiss Axioskop 2 microscope equipped with an AxioCam 

ICc3 digital camera and AxioVision 40 V 4.6.3.0 Software. For morphometric study, we 

counted the number of GFAP-stained astrocytes from the whole microglia present in the 

hippocampus samples. 

Reagents: 

- 4% paraformaldehyde (Sigma) 

- 0.1 M phosphate buffer (pH=7.4): 0.2 M phosphate buffer (3.25 g 

NaH2PO4·2H2O (Panreac); 11.24 g NaH2PO4 (Panreac) dissolved in 1 litre of 

distilled water, pH adjusted to 7.4) diluted in distilled water 1:1.  

- 50% ethanol: 92 ml of distilled water for each 100 ml of 96% ethanol 

(Panreac) 

- 75% ethanol: 28 ml of distilled water for each 100 ml of 96% ethanol 

(Panreac) 

- 96% ethanol (Panreac) 

- Absolute ethanol (Panreac) 

- Xylene (Panreac) 

- Paraffin wax (Sigma) 

- Hematoxylin (Panreac) 

- Eosin (Panreac) 

- Eukitt (Panreac) 

- Antibody anti-GFAP (Abcam) 

- Goat anti-rabbit IgG secondary antibody (Vector Laboratories) 

- AxioVision 40V 4.6.3.0 Software (Carl Zeiss S.A.) 

- ABC complex (Vectastain ABC Kit, Vector Laboratories) 

- Eukitt (Kindler) 
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3.13. Working memory assessment: T-maze 

To assess the cognitive ability of rodents used in Experiment 1 and Experiment 

2 after being exposed to high-fat diets we used a T-maze. It consists in using a structure 

shaped like the letter T which provides the rat with a straightforward choice when they 

are introduced in this structure. The natural tendency of rats and mice in a T-maze is to 

alternate their choice of goal arm. By doing this, they are using the so-called “working 

memory”, which is operationally defined as information that is only useful to a rodent 

during the current experience with the task. That means that the response on each trial 

varies according to what they previously just done. Therefore, working memory can be 

classified as a form of short term memory. Alternation reflects the motivation of the 

animal to explore its environment and locate the presence of resources such as food, 

water, mates or shelter. However, rodents do not need to be deprived of such resources to 

show alternation behaviour, this is referred to as “spontaneous alternation”. Spontaneous 

alternation is a short-term memory task that assesses the ability of the animal to remember 

the arm in a T-maze which it had previously entered and to select an alternative maze arm 

when the animal is re-exposed to the apparatus. At the end of both animal experiments, 

rats were tested using a free-trial procedure following a protocol from (Deacon and 

Rawlins, 2006). Briefly, each animal was placed at the start area of the T-maze and 

allowed to choose an arm to enter. Once the rat selected an arm, it was confined to that 

arm for 30 s and then returned by the experimenter to the start arm and confined there for 

10 s. Afterwards, the rat was allowed to choose an arm again. Five trials per rat were 

performed. Each animal received a score of 0 if it chose the same arm, and a score of 1 if 

it alternated arms, and a corrected percentage of success per animal was calculated. 

Further, latency (time taken by the animals to select the arm) was recorded to detect 

potential delays in the response and, therefore, rule out possible brain dysfunction which 

could slow down decision processes. 

 

3.14. Epigenetic analysis 

Epigenetic analysis was performed in hippocampus samples from Experiment 2.  

3.14.1. Hippocampus and PBMC DNA extraction 

To extract the DNA, we added to the red organic phase (obtained during RNA 

extraction) 300 µl of absolute ethanol and mixing by inversion. Samples were incubated 
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for 2 min and then centrifuged at 2000 g for 5 min at 4ºC. The supernatant which included 

phenol, ethanol and protein was stored at -80ºC. We added 1 ml of 0.1 M sodium citrate 

in 10% ethanol to the pellet remaining in order to remove any phenol still present in the 

DNA. Samples were incubated for 30 min at room temperature with occasional mixing 

every 10 min. Then, a centrifugation step at 2000 g for 5 min at 4ºC was performed and 

supernatant was discarded. The sodium citrate/ethanol wash was repeated for three times. 

Then, each DNA pellet was washed in 75% ethanol and incubated for 20 min at room 

temperature with mixing every 5 min. Samples were centrifuged at 2000 g for 5 min at 

4ºC. To remove the excess ethanol, each DNA pellet was air-dried for 30 min. While 

DNA was drying, we heated up aliquots of Tris-EDTA (TE) buffer solution pH=8.0 at 

70ºC. Once we got ethanol removing from DNA pellet, we added 100-300 µl of TE to 

the centrifuge tube containing DNA. Each sample was placed on the heat block at 70ºC 

for 40 min with occasional mixing every 10 min. The heating step were necessary in order 

to get a completely dissolved DNA pellet. The dissolved DNA may still contain insoluble 

gel-like material such as fragments of membranes. For that, we added an additional 

centrifugation step at 12000 g for 5 min at 40ºC obtaining a supernatant with DNA which 

was transferred to a new tube and stored at -80ºC. 

DNA from PBMC was extracted as described for hippocampus with just two 

modifications: two citrate sodium washes steps instead of three and a lesser volume of 

TE to dissolve the DNA (50-100 µl). 

Reagents: 

- Tripure reagent (Roche Diagnostics) 

- 10 % ethanol: for 100ml, 10.4 ml of distilled water dissolved in 89.6 ml of 

96% ethanol (Panreac) 

-  75% ethanol: for 100 ml, 22 ml of distilled water dissolved in 78 ml of 96% 

ethanol (Panreac) 

- 0.1 M sodium citrate in 10% ethanol: 2.941 g sodium citrate dissolved in 100 

ml 10% ethanol. 

- Tris-EDTA (TE) buffer solution (Sigma) 

3.14.2. DNA quantification and integrity assessment 

To quantify DNA, we used NanoDrop ND-1000 Spectrophotometer as explained 

for RNA (see in Section 3.9.4). For DNA, an A260 reading of 1.0 is equivalent to a 

concentration of 50 µg/ml for double-stranded DNA. As explained for RNA, ratio 
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260/280 is used to assess nucleic acid contamination of protein solutions, since proteins 

absorb at 280 nm. In this case, a ratio of approximately 1.8 is generally accepted as “pure” 

for DNA. In the same way as for RNA quantification, the ratio 260/230 was taken as a 

secondary measurement of DNA purity considering as a good measurement values 

ranging 1.8-2.2. For spectrophotometric quantification of isolated DNA 2 µl of sample 

were used. 

The integrity of DNA was assessed using 0.8% agarose gel electrophoresis, 

prepared as explained in Section 3.9.6. To consider genomic DNA as intact we had to 

observe a major band of high molecular weight, otherwise we observed a smeared DNA 

indicating its degradation state. To evaluate the DNA band, we used UV transilluminator 

(ChemiGenius) and with the program GeneSnap the emitted fluorescence subsequent to 

UV light exposition was photographed. 

Reagents: 

- Tris-EDTA (TE) buffer solution (Sigma) (to perform Blank measurement on 

NanoDrop Spectrophotometer) 

- Agarose (Pronadisa) 

- Electrophoresis running buffer: TBE 0.5X (Tris/Borate/EDTA: 44.5 mM Tris 

base, 44.5 mM Boric acid, 1 mM EDTA) 

- Loading Buffer: 50% glycerol (Sigma), 0.25% Bromophenol blue (Panreac) 

- SYBRÒ Safe DNA gel stain (Invitrogen) 

3.14.3. Bisulphite conversion 

To analyse the methylation status of selected genes (Bdnf, Casp3 and Syn1) we 

performed a bisulphite conversion using EZ DNA Methylation-Gold KitÔ. With this 

method, non-methylated cytosines from DNA are converted to uracil while the 

methylated ones remain unchanged.  

First, 20 µl of DNA sample were mixed with 130 µl of the CT Conversion Reagent 

provided by the kit. The sample was mixed by flicking the tube. Then, sample tube was 

placed in a thermal cycler following this conditions: 98ºC for 10 min, 64ºC for 2.5 h and 

4ºC up to 20 h. 600 µl of M-Binding Buffer were added to a Zymo-SpinÔ IC Column 

placed into a collection tube. The sample was loaded into the same column which 

contained the M-Binding Buffer and mixed by inversion. Each sample was centrifuged at 

10000 g for 30 sec. The flow-through was discarded and 100 µl of M-Wash Buffer were 
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added to the column. We centrifuged the samples again at 10000 g for 30 sec. 200 µl of 

M-Desulphonation Buffer were loaded to the column and let stand at room temperature 

for 20 min. After the incubation, samples were centrifuged at 10000 g for 30 sec. Two 

additional washing steps were carried out adding 200 µl of M-Wash Buffer to the column 

and centrifuging at 10000 g for 30 sec. Then, the column was placed in an Eppendorf 

tube. Finally, to elute the DNA 10 µl of M-Elution Buffer were added directly to the 

column matrix and sample was centrifuged for 10000 g for 30 sec to elute the converted 

DNA. 

Reagents: 

- EZ DNA Methylation-Gold KitÔ (Zymo Research Corp.) 

3.14.4. Pyrosequencing analysis  

This method is based on the PCR amplification of bisulphite modified DNA with 

primers specific to an amplicon of interest and adopts a sequence by synthesis approach. 

One of the primers is biotin labelled, which allows the PCR product to bind to streptavidin 

coated sepharose beads (Colella et al., 2003). To assess whether any of the candidate 

genes were subject to regulation via differential methylation, we searched for the presence 

of putative methylated regions in their promoters. Promoters of genes were identified 

based on previous literature search. PCR and sequencing primers were designed using 

MethPrimer tool (Li and Dahiya, 2002) or we used primer sequences previously designed 

by other authors.  

PCR amplification of regions of interest prior to pyrosequencing was performed 

in a total reaction volume of 24 µl, using 12 µl GoTaqÒ Hot Start Green Master Mix, 10 

pmol forward primer, 10 pmol reverse primer, 2 µl bisulphite-treated genomic DNA, and 

8 µl water. PCR conditions were as follow: denaturalisation step at 94ºC for 2 min 

followed by 50 temperature-cycles consisting in a denaturalisation at 94ºC for 40 sec, a 

hybridisation step at 54-60ºC (depending on the best conditions for each primer) for 40 

sec and an elongation phase at 72ºC for 40 sec. A final step at 72ºC for 5 min was carried 

out. The quality and specificity of each PCR product were tested with 2.0% agarose gel. 

PCR products were purified and sequenced by pyrosequencing using the PyroMark Q96 

MD Pyrosequencing System (Qiagen, MD, USA). Samples were run in duplicate on the 

same pyrosequencing plate. A biotin-labeled primer (reverse in all cases) was used to 

purify the final PCR product using Streptavidin-coated Sepharose beads. First, beads 
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needed to be shaken until a homogenous solution was obtained. Then, we prepared the 

Binding Buffer solution which consisted on 40 µl of 1x Binding Buffer, 2 µl 

Strepatividin-sepharose beads and 28 µl Milli-Q water per sample. This mixture was 

added to a 96-well PCR plate with 10 µl of biotinylated PCR product to each well. PCR 

plate was sealed and agitated constantly using a mixer at 1400 rpm for 10 min. While 

plate was shaking, we prepared the Annealing Buffer Solution (11.64 µl Annealing Buffer 

and 0.36 µl 10 pmol sequencing primer per well). 12 µl of Annealing solution were 

transferred to pyrosequencing plate. Both PCR and pyrosequencing plates were placed in 

the vacuum workstation ensuring that either plate are in the same orientation as when 

samples were loaded. The vacuum workstation includes a tool with filter probes to bind 

the sepharose beads containing the immobilised PCR product and five separate troughs 

filled with 70% ethanol, Denaturation solution, Wash Buffer and Milli-Q water that allow 

denaturing the amplicon and washing the non-biotinylated strand off the beads. Firstly, 

we carefully lowered the filter probes into the PCR plate to capture the beads with PCR 

product holding the tool in place for 15 sec. Once all of the PCR mixture had filtered 

through the probes, the vacuum tool was moved through the troughs (70% ethanol, 

Denaturation Solution and Wash Buffer, in that order) allowing the solutions to flush 

through the probe tips for 10 sec per trough. While we held the tool over the 

pyrosequencing plate, we disconnected the vacuum tool from the station to lower the filter 

probes in the pyrosequencing plate wells containing the Annealing Buffer solution. To 

release the beads in the plate, the tool was gently shacked back and forth for about 30 sec. 

Then, the plate was heated at 80ºC on a heating block for 2 min. Then, plate was removed 

from the heating block allowing the samples to cool at room temperature for 10 min. 

While pyrosequencing plate was heating, the dispensing tips were prepared with DNA 

synthase enzyme and substrate solution and dNTPs according to the concentrations 

indicated by the volume calculation tool from the PyroMark software. Once dispensing 

tips were filled, they were placed in the right order on the dispensing tip holder and placed 

in the pyrosequencing instrument. Before starting the run, we needed to make a “test tip 

dispensing” to ensure the tips were not clogged and they dispensed equally and centered 

over the wells. After successful testing, samples were ready for the pyrosequencing 

reaction. We used non-CpG cytosine residues as built-in controls to verify bisulphite 

conversion. In pyrosequencing method, one nucleotide at a time is then added to the 

reaction following a predetermined dispensation order. If the dispensed base is 
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complementary to the DNA strand this nucleotide is incorporated into the sequence by 

DNA synthase, releasing pyrophosphates that are converted via an enzyme cascade into 

light. This light is then quantified by a sensitive camera. The light emitted is proportional 

to the amount of nucleotide incorporated into the sequence and as such the ratio of light 

emitted following the dispensation of Cytosine or Thymine at the CpG site represents the 

level of methylation at the site. The degree of methylation was expressed for each DNA 

locus as percentage methylated cytosines over the sum of methylated and unmethylated 

cytosines.  

Reagents: 

- GoTaqÒ Hot Start Green Master Mix (Promega) 

- PCR and sequencing primers (Integrated DNA Technologies, Inc.) 

- Milli-Q water 

- 70% ethanol prepared from absolute ethanol (Panreac) 

- Streptavidin-coated Sepharose beads (Sigma) 

- PyroMark Binding Buffer (Qiagen) 

- PyroMark Denaturation Solution (Qiagen) 

- PyroMark Wash Buffer (Qiagen) 

- PyroMark Annealing Buffer (Qiagen) 

- PyroMark Gold Q96 Reagents (Qiagen) 

 

3.15. Statistical analysis 

The methods used for statistical analysis were chosen based in the experimental 

questions involved on each study and are detailed in each chapter. Statistical analyses 

were performed with the software SPSS Statistics (SPSS, Chicago, IL). 

All data are presented as means ± S.E.M. Normal distribution of the data and 

homogeneity of variances between groups were tested using Shapiro-Wilk test and 

Levene test, respectively. For the studies performed in animals (Experiment 1 and 

Experiment 2), one-way ANOVA was used to determine whether the different 

parameters were significantly different between groups. If so, a least significant 

difference test (LSD post hoc) was used to determine where the difference lay and to 

correct for multiple testing. Single comparisons between groups were assessed by 

unpaired t-test. In both experiments, to look into possible relationships between 

parameters we conducted Pearson correlations. In the case of Experiment 3 and 
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Experiment 4, two-way repeated measures ANOVA was used to compare the different 

effect of treatment or fasting and body weight on gene expression. To determine the 

effects of these conditions on different parameters within the same group we applied 

paired t-test. In Experiment 4, one-way repeated measures ANOVA followed by 

Bonferroni post hoc and paired t-test were carried out to evaluate the results of the dose-

response study. In all experiments, threshold of significance was set at p>0.05. 
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CHAPTER 1 

 

Cognitive impairment in metabolically-obese, normal weight rats: 

identification of early biomarkers in peripheral blood mononuclear cells 

Metabolically obese, normal-weight (MONW) individuals are not obese in terms 

of weight and height but they present a number of obesity-related features (e.g. higher 

visceral adiposity, insulin resistance and greater risk of cardiovascular disease). The 

MONW phenotype is related to the intake of unbalanced diets, such as those rich in fat. 

Increasing evidence shows a relationship between high-fat diet consumption and mild 

cognitive impairment and dementia. Thus, MONW individuals could be at a higher risk 

of cognitive dysfunction. We aimed to evaluate whether MONW-like animals present 

gene expression alterations in the hippocampus associated with an increased risk of 

cognitive impairment and to identify early biomarkers of cognitive dysfunction in 

peripheral blood mononuclear cells (PBMC). 

Wistar rats were chronically fed with a 60% (HF60) or a 45% (HF45) high-fat diet 

administered isocalorically to control animals to mimic MONW features. Expression 

analysis of cognitive decline-related genes was performed using RT-qPCR, and working 

memory was assessed using a T-maze.  

High-fat diet consumption resulted in deep alterations in hippocampus gene 

expression, which was accompanied by a lesser performance in the T-maze in HF60 

animals. Remarkably, Syn1 and Sorl1 mRNA showed the same expression pattern in both 

the hippocampus and the PBMC obtained at different time-points in the HF60 group, even 

before other pathological signs were observed. 

Our results reveal that long-term intake of high-fat diets, even in the absence of 

obesity, leads to a cognitive disruption that is reflected in PBMC transcriptome. 

Therefore, PBMC are revealed as a plausible, minimally-invasive source of early 

biomarkers of cognitive impairment associated with increased fat intake.  
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1. BACKGROUND 

Due to the increase in lifespan and to the increased intake of unbalanced diets and 

obesity, the prevalence of mental cognitive disorders is expected to grow (Whitmer et al., 

2005). Dementia is a general term used to define ageing-associated cognitive disorders 

and includes those diseases that affect mental abilities severely enough that the ability to 

perform daily tasks is impaired. Among these disorders, Alzheimer's disease (AD) and 

vascular dementia are included (American Psychiatric Association, 2000). Some authors 

suggest that there is a transition phase referred to as mild cognitive impairment (MCI) in 

which individuals do not yet meet the criteria for dementia, but are at a greater risk of 

developing them (Albert and Blacker, 2006; Petersen et al., 2001; Petersen et al., 1999). 

Several lines of evidence show that diet could have a possible role in modulating the risk 

of cognitive decline (Solfrizzi et al., 2005; Solfrizzi et al., 2011). A macronutrient 

presented as an important factor is dietary fat (Morris and Tangney, 2014), since most 

studies show that there is an increased risk of cognitive dysfunction or late-life dementia 

with higher intakes of dietary fat, particularly saturated fatty acids (Eskelinen et al., 2008; 

Morris and Tangney, 2014; Okereke et al., 2012).  

The intake of fat-rich foods is steadily increasing in Western societies  (Rahati et 

al., 2014). It is well known that dietary fat intake is positively correlated with the 

development of obesity and the incidence of its comorbidities (such as insulin resistance, 

cardiovascular disease (CVD) and/or cancer) (Bel-Serrat et al., 2014; Diethelm et al., 

2014; Labayen et al., 2014). Furthermore, associations between obesity and impaired 

cognitive function have more recently been recognised (Shefer et al., 2013). However, 

the negative effects of an unbalanced diet on the disruption of metabolism are not 

necessarily correlated with obesity (Caterson and Gill, 2002; Yajnik and Yudkin, 2004). 

In fact, there is a group of subjects which present metabolic features related to obesity but 

in the absence of increased body weight. These individuals are known as “metabolically 

obese, normal-weight” (MONW), and have higher visceral adiposity and increased fat 

deposition in tissues such as a liver, heart and muscle (Conus et al., 2007; Ruderman et 

al., 1998; Thomas et al., 2012), which can lead to hyperinsulinemia, insulin resistance, 

type 2 diabetes mellitus and CVD (Lee et al., 2011a; Lopez-Miranda and Perez-Martinez, 

2013). It has been recently reported that MONW subjects represent around 20% of the 

world population (Wang et al., 2015); this could be problematic, as it would mean that an 

important part of the population could be at a higher metabolic risk but most of them are 
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not being diagnosed because they do not present overweight or obesity. The intake of 

diets with an unbalanced macronutrient proportion (rich in fats or simple carbohydrates) 

is one of the main causes involved in the increasing emergence of MONW subjects (Bel-

Serrat et al., 2014; Choi et al., 2012; Labayen et al., 2014). As stated, a high-fat diet 

appears to play a significant role in cognitive dysfunction and, thus, MONW individuals 

could be at a higher risk of developing cognitive impairment later in life. 

How obesity or high-fat diet intake affect brain physiology and function remains 

poorly understood, but it is known that these conditions have a great impact on the 

hippocampus (Park et al., 2010; Pistell et al., 2010). The hippocampus is a vital structure 

for cognition; it has a main role in memory and learning and is particularly vulnerable to 

aging (Jack et al., 2000; Raji et al., 2009). Since the diagnosis of MCI or dementia would 

require a number of established clinical features that are present when the disorder is 

almost or fully developed, and given the complication for obtaining samples of brain 

tissue, the need for readily available early biomarkers of poorly invasive samples has 

proven to be urgent. In this sense, peripheral blood mononuclear cells (PBMC) could be 

a very interesting biological material. The gene expression pattern of these cells is 

increasingly used for diagnosis, to predict the clinical outcome of various diseases 

(Bomprezzi et al., 2003a; Ma et al., 2015) and in nutrigenomic studies (Oliver et al., 2013; 

Reynés et al., 2015; Sánchez et al., 2012). Moreover, PBMC are easily obtained, offering 

the possibility to perform studies at different time points. In this way, we would be able 

to find out early biomarkers of disease and, thus, contributing to set and address strategies 

to prevent or delay the onset and/or progression of dementia. 

Here we have administered a moderately high-fat (45% kcal from fat, HF45) or a 

very high-fat (60% kcal from fat, HF60) diet in isocaloric conditions to a control diet in 

order to avoid overweight and to mimic the situation of “normal-weight obesity” in Wistar 

rats. We aimed to evaluate whether MONW-like animals present gene expression 

alterations in the hippocampus associated with an increased risk of cognitive impairment. 

Moreover, we wanted to determine if these changes are reflected in PBMC in order to 

identify early biomarkers of cognitive dysfunction in blood samples.  
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2. MATERIAL AND METHODS 

A detailed description of the composition of the diets and methodology used in 

this chapter is specified in the section “General Methods and Materials”. 

Animals, diets and experimental design. We characterised cognitive 

impairment in animals from Experiment 1: Two-month old male Wistar rats were 

randomly assigned to three groups for a four-month dietary intervention: control group 

(n=10), HF45 diet group (n=10) and HF60 diet group (n=10). The control group was fed 

a normolipidic diet (D12450B, Research Diets) containing 70% of energy (kcal) from 

carbohydrates, 10% from fats and 20% from proteins. The HF45 group was fed a 

hyperlipidic diet (D12451, Research Diets) containing 35% of energy from 

carbohydrates, 45% from fats and 20% from proteins. HF60 animals were fed a 

hyperlipidic diet (D12492, Research Diets) containing 20% of energy from 

carbohydrates, 60% from fats and 20% from proteins. During the whole intervention 

period, diets were administered in isocaloric conditions to all experimental groups as 

previously described (Díaz-Rúa et al., 2015). That is, HF45 and HF60 groups received an 

equal amount of Kcal to the amount consumed by the control group the day before 

(detailed description in section 3.2).  

At the beginning of the experiment and at the age of three, five and six months, 

blood samples (1.5-2 ml) were collected in feeding conditions from the saphenous vein 

using EDTA 100 mM as an anticoagulant. PBMC fraction was isolated by Optiprep™ 

(Sigma Aldrich Química SA, Madrid, Spain) density gradient separation as described in 

section 3.4.2. At the same time, blood samples from the saphenous vein were harvested 

without an anticoagulant to collect serum samples. In addition, animals were subjected 

monthly to a 12-14 h nocturnal fasting for serum collection in order to determine HOMA-

IR index using the formula of (Matthews et al., 1985).  

At six months of age, animals were killed under ad libitum feeding conditions. 

The left hippocampus was collected and immediately frozen in liquid nitrogen and stored 

at -80 ºC for gene expression analysis, while the right hippocampus was fixed by 

immersion in 4% paraformaldehyde in 0.1 M sodium phosphate for future histological 

analysis. Different white adipose tissue depots (epididymal, inguinal, mesenteric and 

retroperitoneal) were removed and weighed to determine the adiposity index. 

Additionally, truncal blood was collected from the neck to collect serum and PBMC.  
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Adiposity. Adiposity was determined by an adiposity index computed for each 

rat as the sum of epididymal, inguinal, mesenteric and retroperitoneal white adipose tissue 

depot weights and expressed as a percentage of total body weight. In addition, body 

composition was measured monthly using an EchoMRI-700™ (Echo Medical Systems, 

LLC., TX, USA) without anaesthesia.  

Fat liver content. Total lipid levels were determined in liver using the Folch 

method (FOLCH et al., 1957) (Section 3.8). 

Quantification of circulating insulin and glucose levels. Serum insulin levels 

were measured using a rat insulin enzyme-linked immunosorbent assay (ELISA) kit 

(Mercodia AB, Uppsala, Sweden) (see Section 3.7.2), and blood glucose was tested using 

an Accu-Chek Glucometer (Roche Diagnostics, Barcelona, Spain). Both variables were 

measured in feeding and fasting conditions. 

Real-time reverse transcription polymerase chain reaction (RT-qPCR) 

analysis. Total RNA was isolated both from hippocampus and PBMC using Tripure 

(detailed description in sections 3.9.3 and 3.9.4). Gene expression of the selected 

cognitive impairment genes was determined by RT-qPCR in hippocampus and PBMC 

(detailed conditions are described in sections 3.10 and 3.11). Primer for the different 

genes analysed are provided in Table 4.1. 

 

 

 

 

 

 

 

 

 

Table 4.1. Nucleotide sequences of primers used for RT-qPCR amplification.   

 

Gene Forward primer (5’-3’) Reverse primer (3’-5’) Amplicon 
size (bp) 

App CTGCTGACCGAGGACTGAC CCGAACTCCGCATCCATCTT 94 

Bdnf ATTAGCGAGTGGGTCACAGC CGAGTTCCAGTGCCTTTTGT 189 

Casp3 ACCCTGAAATGGGCTTGTGT ACAGGTCCGTTCGTTCCAAA 280 

Creb CAGGGAGGAGCAATACAGC GGAGGACGCCATAACAACT 255 

Fndc5 ATGAAGGAGATGGGGAGGAA GCGGCAGAAGAGAGCTATAACA 102 

Naat16 AGTGCTACCGAAATGCCCTCA TGTGTCGGGCGTAACTGAAGA 139 

Nrf2 CAGAGCAAGTGACGAGATGG CCGAAATGTTGAGTGTGGTG 177 

Pgc1α CATTTGATGCACTGACAGATGGA CCGTCAGGCATGGAGGAA 70 

Sorl1 CACCGTCTCATTGTCAGCAC ATCTCGTAGCCCCTGGTTTC 123 

Syn1 GCAGTTTGGTCATTGGGCTG ACAGGGTATGTTGTGCTGCT 202 

Tmcc2 TCCTCCTCTACCACCGATACC CTCCCTTGTCACCCTTGTCC 103 

Tnf α CCGATTTGCCATTTCATACC TCGCTTCACAGAGCAATGAC 237 

Trkb TCGGTATCACCAACAGCCAG GCTCGGGGCAGAGGTTATAG 141 

Zpr1 GGATTACCCTCCACATCACAG TGTCTTTCAGCAGTCCTTCG 153 

Reference genes    

Gdi1 CCGCACAAGGCAAATACATC GACTCTCTGAACCGTCATCAA 159 

Itg1β TTGTGGGTCGCTGATTGGCT CTCCAGCAAAGTGAAACCCAGC 80 

Rplp0 AGCCAGCGAAGCCACACT GATCAGCCCGAAGGAGAAGG 61 
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Immunohistochemistry analysis of GFAP in hippocampus. For the 

morphometric study, we counted the number of GFAP-stained astrocytes from the whole 

microglia present in the hippocampus samples. The detailed procedure is reported in 

section 3.12.  

Behavioural testing: T-maze alternation. Spontaneous alternation is a short-

term memory task that assesses the ability of the animal to remember the arm in a T-maze 

which it had previously entered and to select an alternative maze arm when the animal is 

re-exposed to the apparatus. The effect of hyperlipidic diets on cognitive function was 

assessed using a spontaneous alternation paradigm in a T-maze, following a protocol from 

Deacon & Rawlins (Deacon and Rawlins, 2006) detailed in section 3.13.  

Statistical analysis. All data are shown as mean ± S.E.M. Normal distribution of 

the data and homogeneity of variances were tested using the Shapiro-Wilk test and the 

Levene test, respectively. Statistical significance of the HF45 or HF60 vs control was also 

analysed using an unpaired t-test. A one-way ANOVA followed by an LSD post hoc test 

was used for multiple comparisons. We conducted a Pearson correlation between 

anthropometric and circulating parameters and gene expression. All statistical analysis 

was conducted with log-transformed variables if they were not adjusted to parametric 

criteria. In cases where normal distribution or homogeneity of variances could not be 

observed, we used nonparametric tests. Statistical analyses were performed with SPSS 

for Windows (SPSS, Chicago, IL, USA). The threshold of significance was defined at p 

< 0.05. 

 

3. RESULTS 

Body weight, adiposity and serum parameters 

As shown in Table 4.2, high-fat pair-feeding did not affect body weight. Chronic 

exposure to a 60% HF diet caused a significant increase in fat mass content, adiposity 

index and a greater amount of all fat depots (subcutaneous and visceral depots). Although 

animals fed a 45% HF diet showed an increase in all these parameters, values did not 

reach statistical significance except for the inguinal fat depot. Both groups displayed 

greater liver-fat deposition compared to controls as well as signs of insulin resistance, 

such as increased fasting circulating insulin levels accompanied by alterations in 

glycaemia and increased HOMA-IR index.  
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Table 4.2. Body weight, adiposity-related parameters, serum parameters and HOMA-IR index. Data 

correspond to male Wistar rats fed with a control, a moderate high-fat diet (45% kcal from fats, HF45 

group) or a very high-fat diet (60% kcal from fats, HF60 group) from the age of 2 months until the 

age of 6 months. Food in HF groups was offered in isocaloric amounts to the control group. 

Abbreviations: eWAT: epididymal white adipose tissue; iWAT: inguinal WAT; mWAT: mesenteric 

WAT, and rWAT: retroperitoneal WAT. Results represent mean ± S.E.M. (n = 10 in all groups). 

Statistics: Values not sharing a common letter (a, b) are significantly different (one-way ANOVA, p 

< 0.05). LSD post hoc was used after the ANOVA analysis. No letters = no statistical difference. *, 

different vs control group (Student’s t test, p < 0.05). 

 

Effects of isocaloric HF diet intake on working memory 

Spontaneous alternation paradigm in a T-maze capitalises on rats’ tendency to 

choose alternative maze arms when they are re-exposed to the maze. Since animals must 

remember the arm they have just entered to show alternation behaviour, this is a short-

term memory task that is dependent on hippocampal processing (Dudchenko, 2004). As 

seen in Figure 4.1, HF60 rats exhibited significantly lesser preference for alternation than 

control animals. However, no significant differences were observed between HF45 and 

controls. Latencies did not differ among groups (data not shown).  

 Control HF-45% HF-60% 
Body weight (g) 477 � 8 466 � 7 472 � 10 
Fat mass (%) 18.4 � 1.1a  20.5 � 1.5a,b 23.4 � 1.5b,* 
Adiposity index (%) 9.29 � 0.44 a 10.3 � 0.75 a,b 11.7 � 0.86 b,* 

Weight of adipose tissues (g)    
eWAT 14.0 � 0.7a 16.0 � 1.4a,b 18.1 � 1.7b,* 

iWAT 11.9 � 0.82a 16.1 � 1.5 a,b,* 15.7 � 1.6b,* 
mWAT 6.89 � 0.56 7.05 � 0.92 7.90 � 0.69 
rWAT 11.9 � 0.5a 13.6 � 1.3a,b 17.6 � 1.9b,* 

Visceral fat content (g) 32.1 � 2.3a 36.6 � 3.4a,b 43.6 � 4.1b,* 
Liver fat content (mg/ g liver) 38.3 � 2.2a 57.9 � 4.9b,* 56.2 � 4.0b,* 

Glucose (mg·dl-1) 
Feeding 93.3 � 3.3a 106 � 2b,* 111 � 5b,* 

Fasting 89.6 � 2.5a 98.4 � 3b,* 97.4 � 2.7b,* 

Insulin (µg·l-1) 
Feeding 2.21 � 0.32 1.88 � 0.30 1.68 � 0.25 

Fasting 
 

0.32 � 0.04a 

 
0.51 � 0.09a,b,* 

p=0.08 
0.80 � 0.12b,* 

 
HOMA-IR 
 

1.7 � 0.2a 

 
2.8 � 0.5a,b,*  

p=0.09 
4.5 � 0.7b,* 
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Figure 4.1. Effects of a control diet, a moderate high-fat (45% kcal from fats, HF45) and a very high-

fat (60% kcal from fats, HF60) diet administered to male Wistar rats from the age of two months until 

the age of six months on working memory using spontaneous alternation paradigm in a T-maze. Food 

in HF groups was offered in isocaloric amounts to the control group. Five trials per rat were performed 

and then % alternation was calculated per group. Data represent mean ± S.E.M. (n=7). *, different vs 

controls (Student’s t test, p<0.05). A one-way ANOVA was performed followed by an LSD post hoc 

test. Data not sharing a common letter (a, b) are significantly different (p<0.05). 

 

Effects of isocaloric HF diet intake on hippocampal gene expression  

In the hippocampus (Figure 4.2), HF60 feeding had a great impact on the 

expression of selected cognitive-related genes, which in most cases appear to be 

dependent on the percentage of fat in the diet. The unbalanced diet produced a significant 

increase in mRNA levels of the gene coding for the amyloid precursor protein (App) and 

of proapoptotic (Casp3) and inflammatory (Tnfα) genes. A similar trend regarding the 

expression of these genes was observed in the HF45 group, although changes did not 

reach statistical significance. Levels of Naa16, Sorl1, Tmcc2 and Zpr1 were significantly 

lower with the administration of both unbalanced diets. Moreover, the expression of Syn1 

was down-regulated with HF60 pair-feeding. We did not observe changes in the 

expression of Bdnf, the gene coding for the brain-derived neurotrophic factor (BDNF), 

with any of the high-fat diets used. Nevertheless, the animals maintained on both high-

fat diets displayed reduced expression of Trkb, which codes for the receptor of BDNF.
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Figure 4.2. Expression of cognitive impairment-related genes in the hippocampus in the groups described in Figure 1. mRNA expression levels were measured by RT-

qPCR. Data represent mean ± S.E.M., (n=10) of ratios of specific mRNA levels normalised against Gdi1 and Rplp0 (used as reference genes). Data of the control group 

were set to 100%, serving as a reference to the rest of the values. Statistics: same as described in Figure 1.
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Differential gene expression of cognitive impairment-related markers in 

PBMC during dietary treatment with isocaloric HF diets 

After analysing the mRNA levels in the hippocampus of the above-mentioned 

genes, we selected the most interesting ones in order to analyse their expression pattern 

in PBMC samples. Interestingly, PBMC were able to reflect some of the changes 

observed in the hippocampus. At the age of three months (after one month of nutritional 

intervention) changes in the expression of some genes were already evident (Figure 

4.3A). As observed in the hippocampus at the end of the experimental period, there was 

a significant decrease in Sorl1, Tmcc2 and Zpr1 expression which was seen in PBMC 

after only one month of exposure to both HF diets (Figure 4.3A). Moreover, a decrease 

in Syn1 expression was detected in PBMC of both HF groups even when its expression 

in the hippocampus was not changed in the HF45 group. At the age of five months, 

mRNA levels of the studied genes followed the same pattern as described at the age of 

three months, although statistical significance was not reached in some cases due to 

greater variability (Figure 4.3B). Additionally, decreased expression of App, Naa16, and 

Nrf2 was observed at this point, especially in the HF60 group; in particular, the significant 

reduction of App expression was surprising as it was increased in the hippocampus of 

these animals (a typical feature of AD). At the end of the experiment, after four months 

of nutritional intervention (six months of age), Nrf2, Sorl1 and Syn1 expression remained 

decreased, whereas Zpr1 expression remained diminished only in the HF45 group (Figure 

4.3C). In addition to the above-mentioned markers, Bdnf and Trkb mRNA expression was 

also analysed in PBMC but were not detected.  
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Figure 4.3. Expression of cognitive impairment-related genes in PBMC of male Wistar rats of three 

(A), five (B) and six (C) months of age submitted to a control, HF45 or HF60 diet during four months. 

Food in the HF groups was offered in isocaloric amounts to the control group. mRNA expression 

levels were measured by RT-qPCR. Data represent mean ± S.E.M., (n=10) of ratios of specific mRNA 

levels normalised against Itg1β (used as a reference gene). Data of the control group were set to 100%, 

serving as a reference to the rest of the values. Statistics: same as described in Figure 1. 
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Immunohistochemistry analysis 

The intermediate glial fibrillary acidic protein (GFAP) was used to evaluate 

astrocyte hypertrophy (O'Callaghan and Sriram, 2005). The overall pattern of GFAP 

immunoreactivity in the hippocampus suggested that the very high-fat diet (HF60) 

slightly promoted (p = 0.1) astrocyte hypertrophy, whereas the HF45 diet did not affect 

glial activation in the hippocampus (Figure 4.4). 

 

 

 

 

 

 

 

 

 

 

Figure 4.4. Quantification of GFAP-stained cells in the hippocampus of male Wistar rats fed a control, 

HF45 or HF60 diet from the age of two months until the age of six months, evaluated by 

immunohistochemistry. Food in HF groups was offered in isocaloric amounts to the NF group. Data 

are mean ± S.E.M. (n=6 in control and HF60 groups; n=5 in HF45 group). Statistics: *, different vs 

controls (Student’s t-test, p<0.05 or indicated when different).  

 

Correlation analysis  

In order to further study the possible relationships between features of MOWN-

like animals and the expression of the studied genes in the hippocampus and PBMC, we 

performed a Pearson’s correlation analysis. The most remarkable correlations were 

obtained with HOMA index, the parameter which determines a subjects’ insulin 

resistance. As expected, HOMA index correlated positively with adiposity index, both in 

the HF45 and HF60 groups (R = 0.59; p = 0.01 and R = 0.56; p = 0.03, respectively). 

Moreover, in the hippocampus of the HF60 group we observed that HOMA index 
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correlated negatively with mRNA expression of Naa16, Syn1, Tmcc2, Trkb and Zpr1, and 

positively with the mRNA levels of App (Table 4.3). When considering the HF45 group, 

we found a negative correlation between HOMA index and the mRNA expression of 

Bdnf, Naa16, Tmcc2 and Zpr1 (Table 4.3). When analysing PBMC obtained at the age of 

six months, the most outstanding correlations were those obtained for Syn1, which 

correlated negatively with fasting glucose levels in the HF45 group and with insulin levels 

and HOMA index in the HF60 group. Remarkably, at the age of three months, after only 

one month of dietary intervention, Syn1 gene expression in PBMC correlated negatively 

with circulating glucose and insulin levels, with HOMA-IR and with visceral and 

subcutaneous fat in the HF60 group, and with circulating insulin, HOMA-IR and visceral 

fat in the HF45 group (Table 4.4). 

 
 

 

 

 

 

 

 

 

Table 4.3. Correlations between gene expression in hippocampus and HOMA-IR at the age of 6 

months. 

 

 

 

 

 

 

Table 4.4. Correlations between Syn1 gene expression in PBMC with fat and key metabolic 

parameters at the age of 3 and 6 months. 

	

 HF45 HF60 
 R p R p 
App 0.036 0.895 0.595* 0.032 
Bdnf -0.536* 0.027 -0.429 0.111 
Casp3 -0.181 0.486 0.080 0.786 
Creb 0.066 0.800 -0.248 0.372 
Fdnc5 -0.403 0.137 0.337 0.260 
Naat16 -0.507* 0.038 -0.622* 0.013 
Nrf2 0.292 0.273 -0.172 0.541 
Pgc1α -0.207 0.460 0.383 0.196 
Sorl1 -0.169 0.516 -0.489 0.064 
Syn1 -0.312 0.223 -0.516* 0.049 
Tmcc2 -0.535* 0.027 -0.738** 0.002 
Tnfα -0.159 0.604 0.561 0.091 
Trkb 0.329 0.214 -0.769** 0.001 
Zpr1 -0.533* 0.033 -0.693** 0.006 

	

 HF45 HF60 
Age of 3 months R p R p 
Glucose -0.349 0.358 -0.697* 0.017 
Insulin -0.850** 0.002 -0.697* 0.017 
HOMA-IR -0.791** 0.006 -0.755** 0.007 
Visceral fat -0.381 0.248 -0.707* 0.010 
Subcutaneous fat -0.623* 0.041 -0.682* 0.015 
Age of 6 months R p R p 
Glucose -0.519* 0.047 -0.440 0.152 
Insulin -0.232 0.388 -0.561* 0.033 
HOMA-IR -0.245 0.380 -0.571* 0.033 
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4. DISCUSSION 

It is well known that obesity and/or high-fat diet intake are associated with an 

increased risk of a wide range of metabolic disorders, such as type 2 diabetes, 

hypertension, stroke or some types of cancer. More recently, the relationship between 

obesity and/or high-fat diet intake and cognitive decline has received some attention. In 

this study, we aimed to evaluate whether the intake of unbalanced diets rich in fat 

administered in isocaloric amounts compared to a control diet and, thus, not promoting 

obesity, might be deleterious in terms of cognitive function when offered chronically. 

Moreover, we aimed to identify early biomarkers of cognitive decline in PBMC, which 

have emerged as valuable for the detection of nutritional imbalance and obesity-

associated disorders markers (Díaz-Rúa et al., 2015; Oliver et al., 2013; Sánchez et al., 

2012).  

Here, we present evidence that not only excessive caloric intake (i.e. leading to 

obesity) is related to cognitive dysfunction, but also our pair-fed study shows that fat 

intake per se is an important harmful factor to be considered. Therefore, individuals with 

fat-rich unbalanced diets that do not develop obesity, those presenting the MOWN 

phenotype, could potentially be a population at risk of developing not only the more 

known obesity-related complications, but also cognitive impairment and/or dementia in 

later life. The underlying mechanisms by which high-fat diet intake is related to cognitive 

decline are still not fully understood although systemic and central inflammation has been 

suggested to be one of the most important pathophysiological mechanisms underlying 

cognitive impairment and dementia (Miller and Spencer, 2014; Nguyen et al., 2014). This 

is because central inflammation could trigger a number of processes including oxidative 

stress and neuronal apoptosis (Gemma and Bickford, 2007; Miller and Spencer, 2014; 

Rivera et al., 2013). Hence, in our study we not only focused on analysing genes 

associated with a particular cognitive decline-related process, but also on a pool of genes 

reflecting different, but entwined, processes, based on previous literature, including those 

reflecting central inflammation.  

In our study, the intake of a HF diet with 60% kcal from fats induced a clear 

MONW profile (i.e. higher visceral fat, fat depot in liver and insulin resistance). In these 

animals, we observed increased mRNA expression of inflammatory (Tnfα) and pro-

apoptotic (Casp3) markers, even in the absence of increased body weight. Moreover, we 

observed a tendency to astrogliosis in the HF60 pair-fed animals, as seen in other studies 
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using ad libitum HF diets (Pistell et al., 2010; Puig et al., 2012). Not only that but also 

mRNA expression of App, an indicator of AD-like pathology, was enhanced in the HF60 

group, also as described for HF diets administered ad libitum (Puig et al., 2012). The 

enhancement of App in itself may not only involve a greater chance of subsequent 

amyloid deposition but also may exert pro-inflammatory effects (Puig et al., 2012) and 

enhance oxidative stress and apoptosis (Lukiw and Bazan, 2008), thus promoting a 

vicious cycle of neuronal dysfunction. The decreased expression seen for Sorl1 in this 

group is worthy of highlighting. To our knowledge, this is the first observation showing 

that the levels of Sorl1 mRNA in the hippocampus are associated with HF diet intake. 

Sorl1 acts as a regulatory gate keeper for the trafficking pathways of App (Schmidt et al., 

2007) protecting the later from β secretase activity and thus preventing amyloidogenic 

peptide production and consequent deposition (Mayeux and Hyslop, 2008), a typical AD 

feature. Therefore, in addition to the increase of App mRNA levels in HF60 fed animals, 

the reduced mRNA expression of Sorl1 in the hippocampus might worsen cognitive 

deficits. Isocaloric administration of a more moderate high-fat diet (45% kcal from fats) 

was not able to elicit these gene expression changes so explicitly as the very high-fat diet, 

although the same trends were detected. Nevertheless, the HF45 group displayed 

alterations in the expression of other interesting genes related to cognitive function even 

without presenting MOWN-related abnormalities as clearly as HF60 animals. For 

example, the expression of the gene coding for the auxiliary subunit of NatA (Naa16) 

was reduced in the hippocampus of animals maintained on both unbalanced diets. NatA 

is a protein complex that is believed to be involved in the regulation of protein turnover 

(Yasuda et al., 2013). (Asaumi et al., 2005) demonstrated that, in humans, this complex 

interacts with APP and inhibits the secretion of amyloidogenic peptides. Here we provide 

evidence that the expression of the auxiliary subunit of NatA in rat hippocampus is 

modulated by HF diets and, based on the results from Asaumi et al, its down-regulation 

may contribute to some extent to cognitive decline in these animals. The same down-

regulation pattern of expression was seen for Zpr1 and Tmcc2 in animals fed the HF diets. 

As stated by (Nogusa et al., 2006), Zpr1 may be related to oxidative stress. They reported 

that Zpr1 is up-regulated in the hippocampus of mice fed a diet rich in saturated fat, which 

is in contrast with our results. Nevertheless, Zpr1 is required for cell viability and 

contributes to normal cellular proliferation (Gangwani et al., 1998). Thus, the inhibition 

of its expression could be associated with neuronal loss and subsequent cognitive 

deterioration. Little is known about the possible association between HF diets and the 
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expression of Tmcc2, but it has been proposed that its disruption is a marker of AD 

(Hopkins, 2013). 

Obesity and ad libitum intake of HF diets have been related to a decrease in 

neuronal plasticity (Molteni et al., 2002) which has been attributed to a variety of 

processes, including abnormalities in Bdnf expression (Yamada-Goto et al., 2012). BDNF 

is a critical mediator of neuronal vitality and function and has been shown up as a crucial 

factor in neuronal processes underlying learning and memory (Castrén et al., 1998). 

Although isocaloric intake of the high-fat diets did not alter Bdnf expression, the 

expression of down-stream effectors of BDNF action was reduced in the hippocampus of 

these animals, including Trkb, coding for BDNF receptor, and Syn1, which codes for an 

important protein for neurotransmitter release (Jovanovic et al., 2000) and synaptic 

function (Melloni et al., 1994). The reduced mRNA expression of the later is remarkable 

as it has been previously related to synaptic dysfunction (Molteni et al., 2002).  

One of the characteristic features of the MONW phenotype is insulin resistance, 

which can be experimentally assessed using the HOMA index. Insulin resistance, a 

hallmark of obesity and of the intake of unbalanced diets, seems to play an important role 

in the modulation of gene expression observed in the hippocampus. Pearson’s correlation 

analysis shows that the degree of insulin resistance correlates negatively with the 

expression of Bdnf, Naat16, Syn1, Tmcc2, Trkb and Zpr1 and positively with App mRNA 

levels when considering the HF60 group, and negatively with Bdnf, Naat16, Tmcc2 and 

Zpr1 when considering the HF45 group. As a matter of fact, peripheral insulin resistance 

has been related to cognitive deficits both in humans (Baker et al., 2011; Benedict et al., 

2012) and rodents (Taha et al., 2012). Insulin receptors are distributed across the brain, 

particularly in the hippocampus and in other areas related to cognitive processing, where 

insulin signalling through its receptors is involved in synaptic plasticity and behaviour, 

proving it is a key component of hippocampal memory processes (Shefer et al., 2013). 

(Arnold et al., 2014) reported that central insulin resistance as a result of HF diet intake 

is associated with a decreased expression of synaptic markers in the hippocampus, 

suggesting that insulin acts as a synaptic modulator. Moreover, it is well known that 

insulin modulates Aβ processing within the brain, competing with this protein for 

degradation and regulating its removal (McNay and Recknagel, 2011). Thus, our results 

are in line with that mentioned above, suggesting that insulin plays a critical role 
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regulating cognitive processes and the impairment of its modulation would have 

deleterious effects on such processes.  

Taken together, these molecular changes in the hippocampus suggest a cognitive 

impairment in MOWN-like animals that could eventually lead to neurodegenerative 

diseases. This was emphasized by our behavioural data, which demonstrates impaired 

spontaneous alternation in a T-maze after HF60 pair-feeding, thus providing additional 

support for hippocampal-based memory dysfunction resulting from isocaloric HF diet 

intake. These results are in agreement with studies on ad libitum administration of HF 

diets causing obesity showing that cognitive performance assessed using this or other 

spatial and non-spatial memory tasks (Greenwood and Winocur, 1990; Morrison et al., 

2010; Pistell et al., 2010).  

The diagnosis of AD or dementia requires invasive and expensive techniques. 

Moreover, dementia is diagnosed when the disease is already present and sometimes fully 

developed. For these reasons, there is an imminent urgency to find out early and valid 

biomarkers to detect cognitive disruption before dementia shows up. Based on our 

expertise in previous studies searching the suitability of PBMC as a biological source of 

material to detect biomarkers of metabolic and/or homeostatic alterations after nutritional 

imbalances (Díaz-Rúa et al., 2015; Oliver et al., 2013; Reynés et al., 2015), we 

hypothesized that PBMC could be a suitable source of biomarkers of fat-induced 

neurodegenerative disease. PBMC is an easily obtainable material that express an 80% 

of the genome (de Mello et al., 2012). Moreover, these cells are exposed to different 

metabolites secreted by the central nervous system (Hye et al., 2006; Zipser et al., 2007). 

It is known that about 500 ml of cerebrospinal fluid are taken up by blood every day (Hye 

et al., 2006). Furthermore, dysfunction of the blood-brain barrier, an early pathologic 

feature of AD and vascular dementia, may enhance the exchange of metabolites between 

brain and blood in both directions (Zipser et al., 2007). Thus, PBMC could reflect gene 

expression changes occurring at a central level. In fact, we have previously shown that 

PBMC can accurately reflect the gene expression pattern of the orexogenic NPY which 

occurs in the hypothalamus in response to fasting-refeeding (Reynés et al., 2015). Here, 

our data show that PBMC express genes involved in cognitive function and that their 

expression is regulated at different time points during rat development by chronic 

exposure to isocaloric HF intake in a similar manner to what is expected and observed in 

the hippocampus. Some of the gene expression changes were especially reflected at an 
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early age in PBMC from animals maintained on both diets; this is the case of Sorl1, Syn1 

and Tmcc2. Other genes, such as Nrf2 and Naa16, displayed changes in their expression 

at later stages (five and six months of age) in response to the administration of both diets. 

It is worth mentioning that Sorl1 and Syn1 were revealed as potential early biomarkers of 

cognitive impairment, since their mRNA levels in PBMC remained significantly low with 

the intake of the HF diets during the whole dietary intervention. These results are in 

accordance with that observed in the hippocampus and seem to be indicative of the 

cognitive processing disruption which occurs at a central level after chronic exposure to 

HF diets even in the absence of obesity. Moreover, PBMC seem to be especially sensitive 

to nutritional imbalance, as HF45 animals do not yet display changes in Syn1 expression 

in the hippocampus but show reduced mRNA levels of this gene in PBMC at different 

ages comparable to those of HF60 animals. Syn1 could be a particularly interesting 

biomarker of cognitive impairment associated with the intake of HF diets in PBMC, as 

its expression in these cells has a strong negative correlation with insulin resistance-

related parameters. 

 

5. CONCLUSION 

In conclusion, continuous intake of unbalanced diets with an excess of fat has a 

great impact on the expression of cognitive-related genes in the hippocampus that suggest 

cognitive impairment in these animals. To our knowledge, this is the first time that a link 

is established between the MONW phenotype and cognitive dysfunction. Moreover, 

PBMC are able to reflect impairment in the expression of cognitive-related genes 

observed in the hippocampus. Although further studies are needed, considering that 

neither MOWN-like individuals nor dementia are easily diagnosed and the lack of 

effective treatments against the later, PBMC open the possibility to perform human 

studies with minimum invasion, since they could be a promising approach for the 

identification of accessible early predictors that reflect cognitive impairment before any 

other pathological signs appear. 
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CHAPTER 2 

 

Early MONW phenotype induced by the intake of fat-rich diets in rats is 

associated with cognitive impairment which could be preventable by 

neonatal leptin treatment 

Cognitive impairment is related to the intake of fat-rich foods. Here we aimed to 

determine if the metabolically obese, normal-weight (MONW) phenotype due to the 

intake of a high-fat diet at an early age is associated with cognitive decline and to evaluate 

the potentially beneficial effects on cognitive function of neonatal leptin treatment. This 

animal model will be used to identify early biomarkers of cognitive impairment in 

peripheral blood mononuclear cells (PBMC). Wistar rats orally received vehicle or 

physiological doses of leptin during lactation. After weaning, half of the vehicle-treated 

animals were fed with a normal-fat diet (control). Leptin-treated (Lep-HF) and the other 

half of the vehicle-treated (HF) animals were fed for 9 weeks with a high-fat diet 

administered isocalorically to controls to mimic MONW features. Expression of 

cognitive decline-related genes was analysed using RT-qPCR, and working memory 

assessed using a T-maze. HF group displayed alterations in hippocampus gene expression 

accompanied by a lesser performance in the T-maze. Lep-HF group showed gene 

expression changes comparable to those of HF animals but presented a recovery in 

working memory which could be explained, at least in part, by an improvement of insulin 

sensitivity and other serum/anthropometric parameters. Remarkably, we confirmed the 

use of Syn1 expression analysis in PBMC as a robust early biomarker of cognitive 

impairment due to high-fat diet intake as well as a potential biomarker for cognitive 

recovery analysis. Thus, our results reveal that MONW phenotype developed at young 

ages is associated with cognitive dysfunction, partially preventable by neonatal leptin 

supplementation. Finally, we bring evidence on PBMC as a source of early transcriptomic 

biomarkers of cognitive impairment.   
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1. BACKGROUND 

Metabolically obese but normal-weight (MONW) individuals are recognised as a 

population who despite having a normal-weight BMI shows up metabolic disturbances 

typical of obese individuals including insulin resistance, increased visceral adiposity, low 

levels of high-density lipoprotein (HDL) cholesterol, elevated levels of fasting glucose 

and triglycerides and hypertension (Succurro et al., 2008). The intake of diets with an 

unbalanced macronutrient proportion (rich in fats or simple carbohydrates) is one of the 

main causes involved in the increasing emergence of MONW subjects (Bel-Serrat et al., 

2014; Labayen et al., 2014) who already represent around 20% of the worldwide 

population (Wang et al., 2015). Noteworthy, excessive caloric intake or unhealthy dietary 

consumption is not only related to the typical metabolic disturbances but also they seem 

to be risk factors for the appearance of disorders related to cognitive function. In fact, we 

reported in Chapter 1 that MONW-like Wistar rats due to long-term intake of a high-fat 

diet in adult age, present gene expression alterations in the hippocampus (a vital structure 

for memory and learning) associated with an increased risk of cognitive impairment. 

Moreover, in the same study, we showed that a set of blood cells, the peripheral blood 

mononuclear cells (PBMC), which are increasingly being used in the search for early 

markers of disease, could be a suitable source of biomarkers of fat-induced cognitive 

decline.  

It is known that early-life is a period of exceptional sensitivity to environmental 

factors, including diet (Lucassen et al., 2013; Priego et al., 2014). Actually, perinatal 

nutrition environment (i.e. maternal nutrition during gestation and lactation and/or 

neonatal supplementation) exert lasting effects on health outcomes, being able to 

influence the metabolic phenotype in adult life (Castro et al., 2015; Szostaczuk et al., 

2017; Sánchez et al., 2008). Not only that, several studies pointed out that perinatal 

manipulation in nutritional status and/or an stress environment has a great impact on the 

hippocampus (Lucassen et al., 2013). Therefore, the quality of early nutrition has major 

effects on adult cognitive function and could influence brain diseases susceptibility in 

adulthood (Isaacs et al., 2010). How these external factors may act on the long-term 

programming of adult diseases is a question to be faced. In the sense of perinatal nutrition, 

it is known that breastfeeding, compared with formula feeding, is associated with a lower 

risk of later obesity and related complications (Palou et al., 2009). Maternal milk contains 

bioactive hormones and peptides which could play a role in the programming mechanisms 
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during these critical periods of development (Savino et al., 2009). One of these bioactive 

hormones present in maternal milk that has received great attention regarding perinatal 

programming has been leptin. Typically, leptin was heralded as a hormone playing a 

critical role as a signal of body adiposity, acting within the hypothalamus to reduce food 

intake and to regulate energy homeostasis (Morrison, 2009). It is increasingly clear that 

hypothalamus is not the only brain area where leptin acts. Then, leptin does not produce 

a singular effect and its functions go beyond the regulation of energy expenditure 

(Morrison, 2009). Indeed, there are leptin receptors widely distributed throughout the 

brain, in areas that are not associated (at least directly) with an effect on energy 

homeostasis. These include regions related to learning and memory, such as cortical 

regions and the hippocampus (Couce et al., 1997; Shioda et al., 1998). As a consequence, 

leptin has a range of roles including the regulation of neuronal function and structure and 

synaptic plasticity. The result of these effects appears to be a protection against insults 

which impair cognitive performance.  

In the present study, first we aimed to investigate whether MONW-like rats 

present cognitive deficits, previously described in older rats, at earlier life-stages and to 

support the early biomarkers of early cognitive impairment identified beforehand in 

PBMC. Secondly, we have attempted to characterize the possible beneficial effects of 

neonatal leptin supplementation on cognitive function in MONW-like rats fed a high-fat 

diet after suckling period and during the adulthood.  

2. MATERIALS AND METHODS 

A detailed description of the composition of the diets and methodology used in 

this chapter is specified in the section “General Methods and Materials”. 

Animals and experimental design. The animals used in this chapter are those 

included in Experiment 2. Two-month-old, virgin female Wistar rats were caged with 

male rats. Animals were purchased from Charles River Laboratories (Barcelona, Spain). 

After matching, each female was placed in an individual cage with free access to water 

and food. At day 1 after delivery, male pups were randomly assigned into two groups 

receiving different experimental treatments: control group (n=16) and leptin-treated 

group (n=10). From day 1 to day 20 of lactation, and during the first 2 h of the beginning 

of the light cycle, control group received orally the same volume of CaptisolÒ vehicle 

(Ligand Pharmaceuticals, San Diego, CA) as the maximum volume administered among 

the treatments to one of the experimental groups. On the other hand, a solution of 



Margalida Cifre. Doctoral thesis 

	 	 	
- 88 - 

recombinant murine leptin (PeproTech, London, England) dissolved in CaptisolÒ was 

orally given to the leptin-treated group. The amount of leptin given to the animals was 

calculated as five times the average amount of the daily leptin intake from the mother’s 

milk, calculated in a previous study from our group (Sánchez et al., 2005).  

On day 21, after weaning, both control and leptin-treated male rats were singly 

caged and kept on a normolipidic control balanced diet (D12450B, Research Diets). At 

day 23 rats from control group were randomly assigned to two groups: NF group (n=8) 

fed on a standard chow diet with 10% calories from fat (D12450B, Research Diets); and 

HF group (n=8) fed on a chow diet with 60% calories from fat (D12492, Research Diets). 

The leptin-treated group received the same hyperlipidic diet than HF group (Lep-HF 

group). Animals were maintained on these diets until three months of age (a total of 9 

weeks of dietary intervention). During the whole intervention period, diets were 

administered in isocaloric conditions to all experimental groups, relative to the control 

group as previously described (Díaz-Rúa et al., 2015). That is animals fed high-fat diet 

received an equal amount of Kcal to the amount consumed by the control group the day 

before (detailed description in section 3.2).  

At three months of age, animals were killed under ad libitum feeding conditions. 

The left hippocampus was collected and immediately frozen in liquid nitrogen and stored 

at -80 ºC for gene expression analysis, while the right hippocampus was fixed by 

immersion in 4% paraformaldehyde in 0.1 M sodium phosphate for future histological 

analysis. Different white adipose tissue depots (epididymal, inguinal, mesenteric and 

retroperitoneal) were removed and weighed to determine the adiposity index and then 

immediately frozen in liquid nitrogen and stored at -80 ºC.  

Adiposity. Adiposity was determined by an adiposity index computed for each 

rat as the sum of epididymal, inguinal, mesenteric and retroperitoneal white adipose tissue 

depot weights and expressed as a percentage of total body weight. In addition, body 

composition was measured at 21 days of age (just after weaning) and then monthly using 

an EchoMRI-700™ (Echo Medical Systems, LLC., TX, USA) without anaesthesia. 

Direct measurements of fat and lean mass (in grams) were taken using the analyser and 

expressed as a percentage of total body weight. 

Blood collection and PBMC isolation. At the age of two and three months, blood 

samples (1.5-2 ml) were collected in feeding conditions from the saphenous vein using 
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EDTA 100 mM as an anticoagulant. PBMC fraction was isolated by Optiprep™ (Sigma 

Aldrich Química SA, Madrid, Spain) density gradient separation as detailed in section 

3.4.2. At the same time, blood from the saphenous vein was harvested without an 

anticoagulant to obtain serum samples (detailed in section 3.4.1). In addition, animals 

were subjected monthly to a 12-14 h nocturnal fasting for serum collection in order to 

determine HOMA-IR index using the formula of (Matthews et al., 1985). 

Quantification of circulating insulin, leptin and glucose levels. Enzyme-linked 

immunosorbent assay kits were used for the quantification of insulin (Mercodia AB, 

Uppsala, Sweden) and leptin (R&D Systems, Minneapolis, MN, USA) in serum 

samples.  Blood glucose was tested using an Accu-Chek Glucometer (Roche Diagnostics, 

Barcelona, Spain). Glucose and insulin levels were measured in feeding and fasting 

conditions. 

Real-time reverse transcription polymerase chain reaction (RT-qPCR) 

analysis. Total RNA was isolated both from hippocampus and PBMC using Tripure 

(detailed description in sections 3.9.3 and 3.9.4). Gene expression of the selected 

cognitive impairment genes was determined by RT-qPCR in hippocampus and PBMC 

(detailed conditions are described in sections 3.10 and 3.11). Primer for the different 

genes analysed are provided in Table 4.5. 

 

 

 

 

 

 

 

 

Table 4.5. Nucleotide sequences of primers used for RT-qPCR amplification.   

 

 

Gene Forward primer (5’-3’) Reverse primer (3’-5’) Amplicon 
size (bp) 

App CTGCTGACCGAGGACTGAC CCGAACTCCGCATCCATCTT 94 

Bdnf ATTAGCGAGTGGGTCACAGC CGAGTTCCAGTGCCTTTTGT 189 

Casp3 ACCCTGAAATGGGCTTGTGT ACAGGTCCGTTCGTTCCAAA 280 

Naa16 AGTGCTACCGAAATGCCCTCA TGTGTCGGGCGTAACTGAAGA 139 

Psen1 TGGTGTGGTCGGGATGATTG CGACCAGCATACGAAGTGGA 203 

Psen2 CCTGGCGGTGATGGAATACA AGCGCTTCCCACAGTATGAC 292 

Sorl1 CACCGTCTCATTGTCAGCAC ATCTCGTAGCCCCTGGTTTC 123 

Syn1 GCAGTTTGGTCATTGGGCTG ACAGGGTATGTTGTGCTGCT 202 

Tmcc2 TCCTCCTCTACCACCGATACC CTCCCTTGTCACCCTTGTCC 103 

Trkb TCGGTATCACCAACAGCCAG GCTCGGGGCAGAGGTTATAG 141 

Zpr1 GGATTACCCTCCACATCACAG TGTCTTTCAGCAGTCCTTCG 153 

Reference gene    

Gdi CCGCACAAGGCAAATACATC GACTCTCTGAACCGTCATCAA 159 

Itg1β TTGTGGGTCGCTGATTGGCT CTCCAGCAAAGTGAAACCCAGC 80 

Rplp0 AGCCAGCGAAGCCACACT GATCAGCCCGAAGGAGAAGG 61 
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DNA extraction and DNA methylation analyses. Total DNA was extracted 

from hippocampus and PBMC by Tripure Reagent (Roche Diagnostics, Gmbh, 

Mannheim, Germany) as described in section 3.14.1 and 3.14.2.  

In the case of Bdnf, methylation status was measured in exon IV as this exon is 

the best-characterized target of epigenetic regulation of Bdnf gene expression. Primers 

for Bdnf were picked up from literature (Roth et al., 2011). Methylation study for Casp3 

and Syn1 was focused on the promoter region. Promotor region of these two genes was 

obtained from the literature (Liu et al., 2002; Sauerwald et al., 1990). Nucleotide 

sequences of Bdnf exon IV and of Casp3 and Syn1 promoters were taken from GeneBank 

and location of CpG islands was obtained from UCSC Genome Browser.  

 

 

 

 

 

Table 4.6. PCR and pyrosequencing primer sequences.  

DNA methylation was quantified using bisulphite-PCR and pyrosequencing 

(detailed description in sections 3.14.3 and 3.14.4). In brief, the samples were bisulphite 

treated through EZ DNA Methylation Gold Kit™ (Zymo Research, Orange, CA, USA) 

Primer sequences are described in Table 4.6. A biotin-labeled primer was used to purify 

the final PCR product using Streptavidin-coated Sepharose beads (Sigma). 

Pyrosequencing was performed using the PyroMark Q96 MD Pyrosequencing System 

(QIAGEN, Germantown, MD). The percentage of methylated and unmethylated 

cytosines in the gene promoter was quantified for four CpG sites for Casp3, seven CpG 

sites for Syn1, and five CpG sites for exon IV of Bdnf. The degree of methylation was 

expressed for each DNA locus as percentage methylated cytosines over the sum of 

Gene name Primer Sequence 

Bdnf Forward GGTAGAGGAGGTATTATATGATAGTTTA 

Reverse (biotin) TACTCCTATTCTTCAACAAAAAAATTAAAT 

Sequencing AGGAGAGGATTGTT 

Entry C/C/TTGTC/TTTTTTTTATTTATTTTC/GC/A 

Casp3 Forward GATTAAAGTTTAGTGTTTTGAGGTG 

Reverse (biotin) CTAAAAACAACACAAAAAATCCTCC 

Sequencing  TTTTTTAGGATTTG 

Entry C/TTGTTATC/GGAGTC/GC/ 

Syn1 Forward GAATTTTTATTTTTATTTTTTAAATTG 

Reverse (biotin) CCCCTATCTTACACCTCTTATAATAC 

Sequencing  GGGAAGAGGATGTAG 

Entry C/C/GC/C/GC/C/TGC/TATTGT 
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methylated and unmethylated cytosines. The pyrosequencing reactions were replicated 

and the mean of the replicates taken forward for analysis.  

Behavioural testing: T-maze alternation. The effect of dietary treatments on 

cognitive function was assessed using a spontaneous alternation paradigm in a T-maze, 

following a protocol from Deacon & Rawlins (Deacon and Rawlins, 2006) as described 

in section 3.13.  

Statistical analysis. All data are shown as means ± S.E.M. Normal distribution 

of the data and homogeneity of variances were tested using the Shapiro-Wilk test and the 

Levene test, respectively. Statistical significance of the HF group or HF leptin-treated 

group vs control group was also analysed using an unpaired t-test. A one-way ANOVA 

followed by an LSD post hoc test was used for multiple comparisons. All statistical 

analysis was conducted with log-transformed variables if they were not adjusted to 

parametric criteria. In cases where normal distribution or homogeneity of variances could 

not be observed, we used nonparametric tests. Linear relationships between key variables 

were tested using Pearson correlation coefficients. Statistical analyses were performed 

with SPSS for Windows (SPSS, Chicago, IL, USA). The threshold of significance was 

defined at p < 0.05. 

 

3. RESULTS 

Body weight, adiposity and serum parameters  

Control and leptin-treated groups did not differ in their body weight nor in fat 

mass content during lactation period (data not shown). As set out in Table 4.7, high-fat 

pair-feeding did not affect body weight. HF group displayed a significant increase in fat 

mass content, adiposity index and a greater amount of all fat depots (both subcutaneous 

and visceral depots). Moreover, this group showed up higher levels of leptin compared to 

control and leptin-treated animals and signs of insulin resistance such as alterations in 

glycaemia and increased HOMA-IR index. Although Lep-HF group presented higher 

adiposity index and visceral fat mass content in comparison to the control group, some of 

the parameters were recovered even after the chronic exposure to a hyperlipidic diet in 

the adulthood. Rats who received leptin supplementation during lactation got improved 

leptin levels and insulin resistance features (i.e. fasting glucose and HOMA index). Not 

only that, Lep-HF group displayed a reduction in some of the fat depots (epididymal and 
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mesenteric depots) at comparable levels to control group, and the % of fat mass reached 

intermediate levels between the control and the HF groups.  

 

 

 

 

 

Table 4.7. Body weight, adiposity-related parameters, serum parameters and HOMA-IR index. Data 

correspond to male Wistar rats fed with a control or a high-fat diet (HF and Lep-HF groups) from day 

23 of age until the age of 3 months. Food in HF groups was offered in isocaloric amounts to the control 

group. Abbreviations: eWAT: epididymal white adipose tissue; iWAT: inguinal WAT; mWAT: 

mesenteric WAT, and rWAT: retroperitoneal WAT. Results represent mean ± S.E.M. (n = 8 in control 

and HF groups; n = 10 in Lep-HF group). Statistics: Values not sharing a common letter (a, b) are 

significantly different (one-way ANOVA, p < 0.05). LSD post hoc was used after the ANOVA 

analysis. No letters = no statistical difference. *, different vs control group (Student’s t test, p < 0.05).  

 

Effects of leptin supplementation during lactation and chronic exposure to 

isocaloric HF diet in the adulthood on working memory 

We tested the working memory using spontaneous alternation paradigm in a T-

maze. As seen in Figure 4.5, the HF group exhibited significantly lesser preference for 

alternation than control animals fed a standard diet. Interestingly, animals that received 

oral leptin supplementation during the lactation period showed an equal performance in 

the T-maze than the control group in spite of being chronically fed with high-fat diet later 

in life.  

	

 Control HF Lep-HF 
Body weight (g) 409 ± 13 416 ± 6 410 ± 6 

Fat mass (%) 19.4 � 0.5a  23.9 � 1.8b,* 22.9 � 1.2a,b,* 
Adiposity index (%) 8.36 ± 0.26 a 11.2 ± 0.6b,* 10.4 ± 0.4b,* 

Weight of adipose tissues (g)    
eWAT 9.59 ± 0.66a 13.7 ± 0.5b,* 11.1 ± 0.5a 

iWAT 9.73 ± 0.86a 13.9 ± 1.2b,* 13.5 ± 0.9b,* 

mWAT 4.04 ± 0.26a 5.46 ± 0.4b,* 4.83 ± 0.30a 

rWAT 11.0 ± 0.9a 13.1 ± 0.4b 13.2 ± 0.7b 

Visceral fat content (g) 24.6 ± 1.5a 32.3 ± 1.0b,* 29.1 ± 1.2b,* 

Leptin (ng·ml-1) 12.6 � 1a 18.1 � 2.3b,* 12.5 � 1.3a,* 

Glucose (mg·dl-1) 
Feeding 110 ± 2 111 ± 2 116 ± 2 

Fasting 101 ± 3a 120 ± 7b,* 114 ± 4a,* 

Insulin (µg·l-1) 
Feeding 1.4 � 0.3a 0.84 � 0.19a 0.51 � 0.11b 

Fasting 0.22 � 0.05 0.33 � 0.05 0.24 � 0.03 

HOMA-IR 1.32 � 0.30a 2.5 � 0.5b 1.7 � 0.2a 
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Figure 4.5. Effect of a control diet (NF), a high-fat diet (HF) and a supplementation of leptin during 

lactation and exposition to a high-fat diet in the adulthood (Lep-HF) on male Wistar rats from the age 

of 23 days until the age of three months on working memory using spontaneous alternation paradigm 

in a T-maze. Food in HF groups was offered in isocaloric amounts to the control group. Five trials per 

rat were performed and then % alternation was calculated per group. Data represent means ± S.E.M. 

(n=8 for Control and HF groups; n=10 for Lep-HF group). *, different vs control (Student’s t test, 

p<0.05). A one-way ANOVA was performed followed by an LSD post hoc test. Data not sharing a 

common letter (a, b) are significantly different (one-way ANOVA, p<0.05). 

 

Effects of leptin supplementation during lactation and chronic exposure to 

isocaloric HF diet in the adulthood on hippocampal gene expression 

 In the hippocampus (Figure 4.6), HF diet pair-feeding produced negative changes 

on the expression of selected cognitive-related genes. In accordance to an impairment in 

cognitive function, a down-regulation of mRNA levels of brain-derived neurotrophic 

factor (Bdnf) and its receptor Trkb, as well as of Syn1 and Tmcc2 genes were observed 

after chronic exposure to the high-fat diet, even in leptin-treated animals. Surprisingly, 

administration of the high-fat diet produced a significant decrease in the expression of 

Casp3, coding for a proapoptotic protein; this decrease was somewhat buffered in Lep-

HF group. Although most of the analysed genes showed a similar pattern in animals fed 

with HF diet, Lep-HF group showed up a reduction in the expression of Psen1, a protein 

with a critical role regulating the metabolism of the amyloid precursor protein (App) and 
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highly related to Alzheimer’s disease (AD); Psen2 was not affected in any of the groups. 

Unlike the previous study detailed in Chapter 1 in which we administered isocaloric high-

fat diet during adulthood and for a longer period (16 vs 9 weeks), we did not observe 

changes in the expression of App, Naa16, Sorl1, and Zpr1 in the hippocampus of our 

MONW-like animals. 

 

Differential gene expression of cognitive impairment-related genes in PBMC 

during dietary treatment with isocaloric HF diet 

One of our aims was to analyse whether PBMC showed the same gene expression 

regulatory pattern as those observed in the hippocampus. Therefore, we analysed the 

mRNA levels of the most relevant genes (those whose gene expression changed in 

response to diet and leptin treatment in the hippocampus) in PBMC samples after 1 and 

2 months of nutritional intervention (two and three months of age). As shown in Figure 

4.7, after one month of administration of the high-fat diet, we observed increased 

expression of Casp3 in the HF and Lep-HF groups. This regulation was transient, and one 

month later, at the end of the experimental period, Casp3 expression resulted decreased 

in the HF but not in the Lep-HF group; the same regulatory pattern observed in the 

hippocampus of these animals. As happened in the hippocampus, there was a significant 

decrease in Syn1 and Tmcc2 expression which was seen in PBMC after just one month of 

exposure to the high-fat diet, but one month later, this decreased expression was only 

maintained for Syn1. Interestingly, and contrary to what detected in hippocampus, the 

decrease in Syn1 mRNA levels in PBMC was not observed in the Lep-HF group at any 

of the two ages studied. Moreover, the HF group showed up a decrease in Bdnf mRNA 

levels in PBMC, which was only significant at the end of the experimental period and, 

contrary to what happened in the hippocampus, not observed in the Lep-HF group. On 

the other hand, Psen1, whose hippocampal expression was decreased in the Lep-HF 

group, was not altered in PBMC. Finally, we also analysed Trkb mRNA levels, as its gene 

expression was affected in hippocampus, but this gene was not expressed in PBMC.  
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Figure 4.7. Expression of cognitive impairment-related genes in PBMC of male Wistar rats of two 

(A) and three (B) months of age submitted to a control or a high-fat diet during two months. Food in 

the HF and Lep-HF groups was offered in isocaloric amounts to the control group. mRNA expression 

levels were measured by RT-qPCR. Data represent means ± S.E.M, (n=8 for NF and HF groups; n=10 

for Lep-HF group) of ratios of specific mRNA levels normalised against Gdi1 (used as a reference 

gene). Data of the control group were set to 100%, serving as a reference to the rest of the values. 

Statistics: same as described in Figure 1.  

	
DNA methylation patterns of Bdnf, Casp3 and Syn1 in hippocampus and 

PBMC samples 

 In order to deepen in the underlying mechanisms responsible to gene expression 

changes observed for Bdnf, Casp3 and Syn1 in HF group in hippocampus and PBMC, we 

analysed the DNA methylation status of regions of interest of these three genes. However, 

we did not find any difference in methylation levels regarding the specific CpG sites 
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analysed which might explain the gene expression patterns observed for any of those 

genes after HF diet exposure (data not shown).  

 

Correlation analysis 

To gain knowledge on the results, we performed Pearson correlation analysis. The 

most outstanding result was a negative correlation between Syn1 mRNA expression in 

PBMC with HOMA-IR index (r= -0.562, p<0.05) and with circulating glucose levels (r= 

-0.553, p<0.05) when considering all the groups; these correlations were not significant 

in hippocampus (data not shown).  

 

4. DISCUSSION 

It is recognised that the presence of MONW individuals is increasingly common 

in the general population due to the steady intake of fat-rich foods especially in Western 

societies (Rahati et al., 2014). This fact is becoming a problem as these subjects are not 

obese on the basis of weight and height and, therefore, an unexpected and “hidden” part 

of the population could be at high risk of developing medical problems related to obesity, 

including cognitive disorders. In Experiment 1 included in Chapter 1, we established a 

MONW phenotype in adult rats chronically fed with isocaloric high-fat diets during 4 

months. In that study, we reported for the first time that MONW-like animals display 

signs of cognitive decline at behavioural and molecular level. Moreover, key 

hippocampal gene expression alterations were reflected in PBMC showing up the utility 

of these cells as a source of transcriptomic biomarkers of cognitive impairment as shown 

in Chapter 1. In the present study, we have established a MONW phenotype at early 

stages of life by limiting the nutritional intervention period (9 weeks). We aimed to 

analyse whether these younger animals already show up cognitive decline associated with 

the intake of a hyperlipidic diet and to confirm the robustness of the transcriptomic 

biomarkers previously identified in PBMC to predict cognitive impairment. Moreover, 

taking into account the key role of leptin on body weight control mechanisms and 

protection against obesity imprinted at the beginning of life (Palou et al., 2009; Savino et 

al., 2009), as well as its function modulating neuronal structure and synaptic plasticity 

(Morrison, 2009); we aimed to explore the possible protective role of this hormone 

against cognitive decline associated with the intake of high-fat diets. 
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Our results confirm that a MONW phenotype established at early ages in rats is 

associated with cognitive decline (at molecular and behavioural level) even when animals 

are exposed to an unbalanced diet for a lower period of time. We offered the high-fat diet 

during 9 weeks which, according to (Sengupta, 2013), is equivalent to approximately 4.5 

years in human life; in comparison to the 4 months of nutritional intervention in the 

previous study which would mean 9 years of human life. The genes analysed here are 

those that were of interest in the aforementioned research and they are not associated with 

a single cognitive decline-related process but rather reflect entwined processes.  

What seems clear is that impairment in the expression of key cognitive-related 

genes in the hippocampus is dependent on the time of exposure to the high-fat diet. 

Indeed, we have not been able to reinforce the enhancement in the expression of App, an 

indicator of AD-like pathology, described for animals fed the same diet in isocaloric 

conditions during 4 months (see Chapter 1)  and for those maintained under ad libitum 

conditions (Puig et al., 2012). The reduced expression of Sorl1 in the hippocampus, 

observed in our previous study, which codes for a key protein in the prevention of 

amyloidogenic peptide production and consequent deposition (Mayeux and Hyslop, 

2008) has been neither confirmed for the present animals. In the same line, we did not 

observe the previously reported decreased expression of Naa16, whose protein inhibits 

the secretion of amyloidogenic peptides (Asaumi et al., 2005). Surprisingly, we detected 

a down-regulation in the expression of Casp3, a proapoptotic marker, in both groups of 

3-month-old rats pair-fed with HF diet unlike the previous study where an enhanced 

expression of Casp3 was detected in 6-month-old MONW-like animals from Experiment 

1. CASP3 has been implicated in neurodegenerative processes as a key protein involved 

in cell death; however, it has been recently attributed to this protease a new role 

modulating synaptic function (Snigdha et al., 2012). In fact, it has been proposed that 

there are temporal and spatial regulators of CASP3 activation which could mediate the 

different roles of CASP3 across the lifespan (Snigdha et al., 2012). The same authors 

proposed that temporal activation of this protein is crucial for synaptic function while 

chronic activation is involved in degenerative processes in the aging brain. Therefore, the 

differential expression pattern of Casp3 observed in our animals across different lifetimes 

could respond to the bifurcated role of CASP3 activation between modulating synaptic 

function and apoptotic pathways.   
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Interestingly, the expression of a number of key genes was affected in the 

hippocampus as result of the intake of a HF diet with 60% kcal from fats in both groups 

(HF and Lep-HF animals). Particularly, we observed a down-regulation of Bdnf and its 

downstream effectors including Trkb, coding for BDNF receptor, and Syn1, which codes 

for an important protein for neurotransmitter release and synaptic function (Jovanovic et 

al., 2000; Melloni et al., 1994). The reduced expression of Bdnf is associated with a 

decrease in neuronal plasticity (Molteni et al., 2002) and, therefore, to abnormalities in 

processes underlying learning and memory. In fact, ad libitum intake of HF diets and 

obesity have been previously related to Bdnf expression defectiveness (Molteni et al., 

2002). Moreover, in both HF groups we have also observed a down-regulation of 

hippocampal expression of Tmcc2, whose disruption has been proposed as a marker of 

AD (Hopkins, 2013). These results obtained using young MONW-like animals are in line 

with those obtained in our previous study using older rats and, therefore, impairment in 

the expression of these 4 genes (Bdnf, Trkb, Syn1 and Tmcc2) in hippocampus, could be 

of interest to be considered as early biomarkers of cognitive impairment.   

The need of early valid biomarkers of cognitive-related diseases is evident taking 

into account that the diagnoses of dementia and AD are usually made when the disease is 

present or fully developed. In fact, in 2013 the FDA urged the scientific community to 

focus their research on preventive therapies (Developing Drugs for the Treatment of Early 

Stage Disease, FDA-2013-D-0077) which requires the identification of early biomarkers. 

However, due to the difficulty to obtain brain samples, the identification of blood 

biomarkers of the early stage of cognitive impairment, constitutes a key research 

challenge in preventive medicine. PBMC, a subpopulation of blood cells constituted 

mainly by lymphocytes and monocytes, is increasingly being used as a source of 

transcriptomic biomarkers (Liew et al., 2006). This is because they express around 80% 

of human genome and respond different stimuli, including diet, mimicking metabolic 

response of internal tissues, such as brain (Oliver et al., 2013; Reynés et al., 2015). In 

fact, in our previous study described in Chapter 1, we showed up that PBMC could be a 

suitable source of biomarkers of cognitive impairment as these cells are able to reflect the 

gene expression changes that occur in hippocampus in response to high-fat diets. Here, 

PBMC from our MONW-like animals (HF group) exhibited the same expression pattern 

observed in hippocampus for Bdnf and Syn1 at the end of the experiment (three months 

of age). In addition, Syn1 gene expression in PBMC, but not that of Bdnf, was already 
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significantly impaired (decreased) one month early, showing its utility as early marker of 

hippocampus alteration. Using a MONW animal model with a longer exposure to the 

intake of high-fat diet, we previously identified Sorl1 and Syn1 as two potential early 

biomarkers of cognitive decline in PBMC. Therefore, taking into account the results 

showed in the present research, the most robust and outstanding result is that obtained for 

the Syn1. Syn1 reduced mRNA expression in hippocampus is remarkable as it has been 

previously related to synaptic dysfunction. The other two potential markers identified in 

hippocampus, Trkb and Tmcc2, did not result in interest when analysed in PBMC. In the 

case of Tmcc2, its gene expression reflected hippocampal alteration in PBMC after one 

month of nutritional treatment, but the significance was lost one month later. In the case 

of Trkb, it was not expressed at significant levels in PBMC.  

Hippocampus is a brain region that mostly develops postnatally. In rodents, 

hippocampus develops between embryonic day 18 and postnatal weeks 2-3 (Altman and 

Bayer, 1990). Moreover, this brain region is highly plastic and rich in metabolic and 

stress-hormone receptors (Lucassen et al., 2013). Therefore, hippocampus is greatly 

susceptible to the environment at early stages of life.  It is known that leptin receptors are 

expressed in many brain areas, including hippocampus (Couce et al., 1997; Shioda et al., 

1998) which attributes to leptin a role modulating neuronal function and promoting 

cognition. To the best of our knowledge, this is the first study using an animal model to 

investigate the potential association between leptin supplementation during the suckling 

period and cognitive improvement in later life. Here, animals that received physiological 

doses of leptin during lactation and then were pair-fed with a high-fat diet displayed most 

of the molecular changes in hippocampus as observed for those rats that did not receive 

leptin but were exposed to the same hyperlipidic diet in the adulthood. Nevertheless, Lep-

HF rats showed some signs that seem to indicate that these animals are less prone to 

cognitive impairment in comparison to their counterparts. First of all, our behavioural 

data are supporting this hypothesis. We tested the working memory of the animals using 

spontaneous alternation paradigm in a T-maze which, as expected and in accordance to 

the transcriptomic alterations observed in hippocampus, demonstrated an impaired 

performance in animals fed high-fat diet. Interestingly, rats who received leptin 

supplementation during lactation displayed a preserved working memory even under 

unhealthy dietary conditions in the adulthood. Not only that, Lep-HF animals showed a 

reduced expression of Psen1 in hippocampus in comparison to both control and HF 
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groups. PSEN1 plays an important role in beta-amyloid regulation and is highly related 

to AD (De Strooper et al., 1998). Indeed, it has been proposed that inhibition of Psen1 

can be a potential method for anti-amyloidogenic therapy in AD (Pitsi and Octave, 2004). 

MONW individuals represent a population with risk to develop metabolic syndrome, 

including insulin resistance. Of interest, the relationship between AD and insulin 

resistance is well-known up to the point that AD has been considered as the new type of 

diabetes (Erol, 2008). HF animals showed up signs of insulin resistance but leptin-treated 

ones displayed a recovery in insulin levels and HOMA index under the same high-fat 

diet. Then, another plausible mechanism to consider by which leptin may somehow exert 

a beneficial effect on the cognitive function in leptin-supplemented animals is the 

improvement of insulin sensitivity under a high-fat diet. In fact, it is known that insulin 

resistance is associated with a reduced long-term potentiation (LTP) (Stranahan et al., 

2008). LTP is a phenomenon that it is thought to underlie the formation of spatial 

memories. Moreover, it is known that leptin is implicated in hippocampal synaptic 

plasticity promoting the level of LTP through NMDA receptor-mediated responses 

(Harvey et al., 2006). Then, it is possible that administration of leptin at early life could 

somehow modulate or imprint NMDA receptor function on one hand and improve insulin 

sensitivity on the other hand which would facilitate the maintenance of working memory 

at later life-stages, even when other molecular signs of cognitive impairment in 

hippocampus are present. Interestingly, Syn1 expression of leptin-treated HF animals 

when analysed in PBMC, but not in hippocampus, showed intermediate levels between 

the control and the HF group, both at 2 and 3 months of age. Therefore, PBMC seem to 

be greatly sensitive to nutritional inputs and could reflect transcriptomic changes even 

before they show up in other tissues of interest, such as hippocampus. In this case, the 

analysis of changes in Syn1 expression in PBMC could be reflecting, not only the 

detrimental effects of the intake of HF diets, as explained before, but also the 

positive/preventive effect of neonatal leptin treatment on cognitive health.  Moreover, 

remarkably, we observed a negative correlation between Syn1 expression in PBMC with 

HOMA-IR index and circulating glucose. Thus, impairment in Syn1 expression could be 

reflecting a higher cognitive risk due to increased insulin resistance. 
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5. CONCLUSION 

In conclusion, here we confirmed the relationship between an early MONW 

phenotype associated with the intake of a hyperlipidic diet with the consequent cognitive 

dysfunction in male Wistar rats even when this unhealthy diet is administered during a 

short period of time. Moreover, we propose the analysis of the expression of Syn1 in 

PBMC as an easy detectable robust early biomarker of cognitive decline associated with 

the intake of unbalanced fat-rich diets. At this point, it would be of great interest to 

validate the usefulness of PBMC as a tool for the identification of accessible early 

predictors of neurodegenerative diseases in humans. Further studies are needed to know 

the molecular pathways imprinted by leptin treatment during lactation which would lead 

to an improvement of cognitive function (reflected in the reestablishment of working 

memory) in MONW-like animals in the adulthood. Finally, our study, which is performed 

in rodents due to the impossibility to develop similar experimental designs in humans, 

alerts of the risks of bad dietary habits during early ages which, with independence 

developing obesity, could have terrible consequences on cognitive health, specially, if 

considering that these unhealthy habits are maintained on the long-term. 
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CHAPTER 3 

 

Human PBMC express key energy homeostatic genes whose response or 

impaired response to fasting cannot be explained exclusively by 

differences in BMI 

 

The proper maintenance of energy homeostatic mechanisms is key for optimal 

energy metabolism control. In this sense, the body has to be able to adapt metabolism in 

response to external and internal stimuli, what is called metabolic flexibility. Animal 

studies show that metabolic flexibility is deregulated in the obese state which is evidenced 

with an altered gene expression profile in key metabolic tissues which runs in parallel to 

specific gene expression patterns in PBMC. Therefore, PBMC are cells with a great 

interest to find out biomarkers of homeostasis imbalances. Here, we aimed to identify 

biomarkers of metabolic flexibility/impairment in human PBMC by studying fasting 

response through gene expression analysis. For that, we analysed in PBMC from 

normoweight and overweight/obese subjects the expression of key metabolic genes 

(CPT1A, FASN, NPY, SLC27A2, SREBP1C) both in feeding and fasting conditions by 

RT-qPCR. The study is still in process but the results we have so far regarding CPT1A, 

FASN and SREBP1C expression show a great variability in both groups of subjects with 

no evidence that BMI is the most important parameter delineating the response to fasting 

in these groups of subjects. This fact is evidencing the complexity in the control of energy 

homeostasis so the need to deepen in the study of other anthropometric and physiological 

features responsible to delimit metabolic flexibility in humans.   
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1. BACKGROUND 

The maintenance of energy homeostasis is of great importance for the survival of 

living organisms. The control of energy homeostasis implies the ability to adjust the 

metabolism to changing physiological conditions (Galgani and Ravussin, 2008) like 

feeding conditions (feeding/fasting). A number of peripheral and central tissues such as 

liver, adipose tissue, muscle and hypothalamus, coordinate a complex network of 

molecular and physiological mechanisms that allow the body to maintain homeostatic 

processes under control. As long as this network is fully active and functional, the 

regulation of provision, waste, and storage of the energy reserves is preserved and body 

mass is maintained steady (Galgani and Ravussin, 2008).  

Key metabolic tissues respond to fasting decreasing the expression of genes 

involved in fatty acid synthesis and adipogenesis and increasing the expression of genes 

involved in energy catabolism in order to coordinate an adaptation to changes in energy 

supply (Reynés et al., 2014). Previous studies in animal models have shown that the 

mechanisms involved in homeostatic control are impaired in the obese state leading to a 

defective regulation of energy homeostasis and, consequently, to an insensitivity to 

feeding conditions (Caimari et al., 2010b; Garcia et al., 2010).  

There is a great interest to find out early biomarkers of alterations in energy 

homeostasis related to obesity in order to have a broad information about the metabolic 

health of these individuals. Nevertheless, tissue sampling is a limitation, especially in 

human studies. In this respect, peripheral blood mononuclear cells (PBMC), made up 

basically by lymphocytes and monocytes, are emerging as a suitable biological material 

to study energy homeostasis maintenance and its relationship with body weight control 

(de Mello et al., 2012). The ability of these immune cells to respond to metabolic changes 

occurring in their macro- and micro-environment is not surprising as it has been described 

that PBMC express a number of metabolic hormone receptors (Dandona et al., 2001; 

Tsiotra et al., 2000) and even molecules related to energy homeostasis control such as 

leptin (Samara et al., 2008), ghrelin (Mager et al., 2008) and visfastin (Tsiotra et al., 

2007). In fact, our group previously reported in animal studies that these blood cells are 

able to display gene expression profiles reflecting acute changes in feeding conditions 

(fasting/re-feeding) comparable to that found in metabolic tissues like liver or adipose 

tissues (Caimari et al., 2010a). A number of studies in rats, including microarray studies, 

showed that the impaired response to feeding conditions associated with the obese state 
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is delineated in PBMC as well (Caimari et al., 2010b; Oliver et al., 2013). Not only that, 

PBMC reflect the recovery in the response to fasting in a similar way to that observed in 

the principal metabolic tissues when animals lose weight (Reynés et al., 2015). Our results 

included in Chapter 4 and Chapter 5 and other human studies (Sánchez et al., 2012) show 

up that PBMC and total blood cells are biological materials of interest to find out 

biomarkers related to metabolic status. Here, we aimed to evaluate the usefulness of 

human PBMC from non-obese and obese individuals to reflect the metabolic flexibility 

or impairment through the analysis of fasting response. Not only that, we intend to 

identify whether metabolic deregulation of obesity is adjusted after a weight loss 

intervention in order to know if normalisation of body weight and typical physiological 

parameters (e.g. glycaemia, fat mass, cholesterol levels, blood pressure) is coupled with 

a restoration of the metabolic health of the participants.  

 

2. MATERIAL AND METHODS 

Subjects. We used volunteers from Experiment 3. This study was started in 

October 2016 and is still underway. The study protocol was approved by the Ethics 

Committee of Research of the Balearic Islands (CEI-IB) (METAHEALTH-test, nº IB 

3216/16 PI) and informed, written consent was obtained from all participants. Adult men 

and women are being recruited and divided into two groups depending on their body mass 

index (BMI): normoweight (NW) group (<25 kg/m2) and overweight/obese (OW/OB) 

group (≥25 kg/m2). At this time, we have recruited 13 individuals in the normoweight 

group and 16 in the overweight/obese group. The inclusion criteria are apparently healthy 

individuals aged 18-45 years with no chronic disease, who do not take regular medication 

or drugs, keep their habitual diet, and non-smokers. All of them are having two blood 

extractions, in feeding and fasting conditions (minimum 8 h of nocturnal fast). The day 

of blood donation in feeding conditions all volunteers are asked to include in their 

breakfast the same foods (i.e. a fruit, preferably banana, coffee with milk, toasted bread 

with tomato). Anthropometric parameters (weight, height, BMI, % of fat, blood pressure 

and hours of sleep) are collected the day of feeding blood extraction. A last meal dietary 

recall of all participants is also used in order to assess the nutrient consumption the night 

before. After blood donations, obese participants are placed on a dietary intervention 

under the supervision of a nutritionist to weight loss. As 5-10% weight loss occurs, obese 
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participants will be submitted to two additional blood extractions (both in feeding and 

fasting conditions). 

PBMC isolation. The same day of both blood extractions PBMC are isolated 

using Ficoll gradient separation (detailed description in section 3.5.1). 

RNA extraction and real-time reverse transcriptase polymerase chain 

reaction (RT-qPCR) analysis. Total RNA is isolated and gene expression of key 

metabolic genes that display a specific expression pattern under different feeding 

conditions (CPT1A, FASN, NPY, SLC27A2, SREBP1C) is being analysed by RT-qPCR. 

Detailed conditions of RNA isolation and RT-qPCR are described in section 3.9.4 and 

section 3.10 to 3.11. Primer for the different genes analysed are provided in Table 4.8. 

 

 

Table 4.8. Nucleotide sequences of primers and amplicon size used for RT-qPCR amplification in 

human PBMC. 

Statistical analysis. Statistics of data available at this time were performed with 

SPSS for Windows (SPSS, Chicago, IL, USA). Normal distribution of the data and 

homogeneity of variances were tested using Shapiro-Wilk test and Levene test, 

respectively. To compare anthropometric parameters of both groups, a Student’s unpaired 

t-test was used. A paired t-test was applied to compare gene expression changes between 

feeding and fasting conditions within the same group. Two-way repeated measures 

ANOVA was used to compare the gene expression patterns in response to fasting 

depending on body weight. The threshold of significance was defined at p<0.05 for all 

analyses.  

 

 

 

 

	

Gene Forward primer (5’-3’) Reverse primer (3’-5’) Amplicon size 
(bp) 

FASN GAGGAAGGAGGGTGTGTTTG 
 

CGGGGATAGAGGTGCTGA 
 

160 

SREBP1C TGAGGACAGCAAGGCAAAG 
 

CAGGACAGGCAGAGGAAGAC 
 

108 
 

CPT1Α GATTTTGCTGTCGGTCTTGG 
 

CTCTTGCTGCCTGAATGTGA 
 

192 

Reference gene    
RPLP0 ACAACCCAGCTCTGGAGAAA TGCCCCTGGAGATTTTAGTG 240 
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3. RESULTS AND DISCUSSION 

Volunteer characteristics 

Anthropometric parameters of the individuals recruited up to now are presented 

in Table 4.9. Subjects of the two groups do not differ in age or height but body weight, 

BMI and fat content are higher in the OW/OB group. Likewise, OW/OB participants 

display increased blood pressure (but only diastolic), and a higher waist-hip ratio. Even 

if analysis of circulating parameters is missing right now, these anthropometric data 

denote that these subjects are probably at increased metabolic risk.  

 

 

 

 

 

 

 

 

 

 

Table 4.9. Anthropometric parameters of the two groups included in the study. Results represent mean 

± S.E.M. *p<0.05 vs normoweight group, determined with an unpaired t-test. 

 

Gene expression of CPT1A, FASN and SREBP1C in human PBMC in 

response to fasting 

The maintenance of energy homeostatic balance is of utmost importance for the 

survival of living beings. The body has to be able to adapt energy metabolism when 

feeding conditions are changing in order to allow that homeostatic system works 

efficiently. This balance is possible due to a complex coordination between different 

	

 Normoweight  

(n=13) 

Overweight/obese 

(n=15) 

Anthropometric parameters 

Age (years) 24.0 ± 1.0 30.7 ± 2.8 

Weight (kg) 59.7 ± 2.5 95.1 ± 4.5* 

Height (cm) 168 ± 2 172 ± 3 

SBP (mm Hg) 125 ± 5 126 ± 5 

DBP (mm Hg) 67.2 ± 2.0 77.6 ± 2.4* 

BMI (kg/m2) 20.9 ± 0.6 33.0 ± 2.1* 

Fat (%) 28.6 ± 1.9 40.0 ± 2.1* 

Waist-hip ratio 0.74 ± 0.02 0.80 ± 0.02* 
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systems including from nervous structures, like hypothalamus, up to final functional units 

such as adipocytes (Galgani and Ravussin, 2008). However, during obesity a disruption 

in this network occurs which leads to an inability to make a proper response when 

homeostatic conditions are changing (e.g. during fasting) (Reynés et al., 2014). Indeed, it 

has been shown up that rodents exposed to a balanced diet display a reduction in the 

expression of Fasn and Srebp1a, two key lipogenic genes, and an enhancement of the key 

beta-oxidation gene Cpt1a during fasting in the liver, muscle and adipose tissue (Reynés 

et al., 2014). However, these gene expression responses are missing when rats are 

exposed to an obesogenic environment (Caimari et al., 2010b; Garcia et al., 2010; Reynés 

et al., 2014). Interestingly, other previous studies from our group show that PBMC are 

able to reflect this insensitivity to feeding conditions during obesity making them an 

interesting source of early homeostatic imbalances biomarkers (Caimari et al., 2010b; 

Oliver et al., 2013).  

In the present study, we aim to translate this conception to humans in order to 

provide a new tool to know about the metabolic status or metabolic flexibility, studied as 

a proper response to fasting of key energy homeostatic genes or its impairment in the 

obese state. However, when we categorise the individuals in non-obese or obese 

depending on their BMI, the results obtained so far for CPT1A, FASN and SREBP1C in 

human PBMC do not point towards a clear metabolic deregulation associated with 

obesity, in contrast to the results previously obtained in rodents (Oliver et al., 2013; 

Reynés et al., 2014). No changes were detected between non-obese or overweight/obese 

subjects regarding FASN and SREBP1C expression (data not shown). Regarding CPT1A 

expression, previous studies in rodents have shown that it has a great ability to respond 

to different nutritional inputs even in PBMC, which has led to consider altered CPT1A 

expression in response to feeding as a risk biomarker of diet-related diseases (Reynés et 

al., 2016). Our data do not show any difference in CPT1A mRNA levels between 

normoweight and overweight/obese participants (Figure 4.8).  
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Figure 4.8. Effect of 8h fasting on CPT1A mRNA expression in isolated PBMC from normoweight 

and overweight/obese individuals, measured by RT-qPCR. All data are presented as individual 

responses. mRNA levels were normalised to RPLP0 and expressed relative to the expression in ad 

libitum conditions. No statistical significance was found using a paired t-test. Two-way repeated 

measures ANOVA was performed to compare the different effect of feeding condition and body 

weight on gene expression. 

 

However, when we focused our attention to analysing the individual response we 

realised that PBMC from those subjects with lower BMI within each group displayed 

enhanced CPT1A expression in fasting conditions. Therefore, it might be possible that 

what is defining either metabolic flexibility or metabolic impairment in humans are other 

anthropometric or physiological features rather than only the BMI per se. For that reason, 

we divided participants according to fat mass content data and we were not able to detect 

any robust metabolic response neither. Although it is sure that increased weight along 

with high-fat content are risk factors for metabolic syndrome, patterns of fat distribution 

may confer additional risk especially visceral abdominal adipose tissue and muscle-

associated adipose tissue (Despres, 2012; Goodpaster et al., 2005). In relation to this, 

recently, the attention has been focused on the so-called “metabolically obese, normal-

weight” individuals (MONW) which are not obese in terms of weight and height but 

display typical features related to the obese state (Caterson and Gill, 2002). That is, 
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increased visceral adiposity and ectopic fat deposition, insulin resistance, altered blood 

lipid profile and so on (Conus et al., 2007). Therefore, MONW individuals are at higher 

risk of developing obesity-related disorders but they are not easily diagnosed since they 

do not show up the classical anthropometric characteristics from those with risk of 

metabolic syndrome. Here, total fat mass content was made by bioimpedance being not 

possible to determine how body fat content is distributed. Thus, it could be possible, that 

the presence of MONW individuals within our normoweight group could be responsible 

for the fact that a “simple” data analysis based on a BMI segregation was not able to 

reflect the expected metabolic flexibility (in normal weigh individuals) or its impairment 

(in the overweight/obese group). Another possible factor involved in the lack of 

correlation of fasting response with BMI could be the presence of “metabolically healthy 

obese” (MHO) individuals within the higher BMI group. Contrary to the MONW 

phenotype, MHO is a medical condition characterised by obesity but in the absence of 

obesity-related comorbidities. That is, MHO individuals accomplish specific criteria 

indicative of metabolic health. Several definitions are currently used to describe 

metabolic health which results in varying MHO prevalence rates depending on which 

criteria are used (Phillips et al., 2013).  

 

4. CONCLUSION AND FUTURE ANALYSES 

Based on the results obtained at this moment, and since this human study is still 

underway, besides the determination of circulating parameters that can modulate 

metabolic response to fasting, we plan to analyse body composition of each participant 

using DEXA (dual-energy X-ray absorptiometry) methodology in order to have an 

accurate measure of fat mass distribution to set possible links between body fat patterns 

and metabolic flexibility/impairment. In this way, we will be able also to establish if 

analysis of metabolic flexibility in human PBMC could be useful as a way to detect 

MONW and/or MHO individuals.  

Finally, in the near future, it is planned to submit to the overweight/obese 

volunteers to a supervised diet intervention to lose weight and to analyse how a 5-10% 

decrease in body weight could help to normalise not only metabolic parameters but also 

metabolic flexibility, i.e. metabolic recovery, by analysing PBMC fasting response.  
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CHAPTER 4 

 

Human peripheral blood mononuclear cell in vitro system to test the 

efficacy of food bioactive compounds: effects of polyunsaturated fatty 

acids and their relation with BMI 

In this study, we aimed to analyse usefulness of isolated human peripheral blood 

mononuclear cells (PBMC) to rapidly/easily reflect effects of n-3 long-chain 

polyunsaturated fatty acids (LCPUFA) on lipid metabolism/inflammation gene profile, 

and evaluate if these effects are body mass index (BMI) dependent.  

For that, PBMC from normoweight (NW) and overweight/obese (OW/OB) 

subjects were incubated with physiological doses of docosahexaenoic (DHA), 

eicosapentaenoic acid (EPA), or their combination. PBMC reflected increased beta-

oxidation-like capacity (CPT1A expression) in OW/OB subjects but only after DHA 

treatment. However, insensitivity to n-3 LCPUFA was evident in OW/OB for lipogenic 

genes: both n-3 LCPUFA diminished FASN and SREBP1C expression in NW, but no 

effect was observed for DHA in PBMC from high-BMI subjects. This insensitivity was 

also evident for inflammation gene profile: all treatments inhibited expression of key 

inflammatory genes in NW; nevertheless, no effect was observed in OW/OB after DHA 

treatment, and EPA effect was impaired. SLC27A2, IL6 and TNFα PBMC expression 

analysis resulted especially interesting to determine obesity-related n-3 LCPUFA 

insensitivity.   

Our data show that this PBMC-based human in vitro system reflects n-3 LCPUFA 

effects on lipid metabolism/inflammation which is impaired in OW/OB. These results 

confirm the utility of PBMC ex vivo systems for bioactive-compound screening to 

promote functional food development and to establish appropriate dietary strategies for 

obese population.   



Margalida Cifre. Doctoral thesis 

	 	 	
- 112 - 

1. BACKGROUND 

Currently there is great interest in the field of nutrition to study the effectiveness 

of bioactive compounds found in foods on ameliorating metabolic and physiological 

alterations related to obesity and its co-morbidities. Health protective effects of food 

compounds can be easily assessed using animal models. Rodents are a commonly used 

animal model and have been proven very useful for nutritional studies (Baker, 2008). 

However, it is true that biochemical and physiological differences exist between species 

(Baker, 2008; Uhl and Warner, 2015), which make it important to have the possibility to 

do research directly in humans. In vitro culture of an easily obtainable fraction of blood 

cells, the peripheral blood mononuclear cells (PBMC), is emerging as an interesting 

research possibility to test and discriminate the effects of food compounds (Hofmann et 

al., 2010). PBMC are mainly composed of lymphocytes and monocytes, cells that play 

an essential role in inflammation. PBMC in vitro assays have been widely used for testing 

drug effectiveness on inflammation (Damsgaard et al., 2009; Frijters et al., 2010; Japour 

et al., 1993); however, their usefulness in the field of nutrition is less explored. In addition 

to their role in immunity, PBMC can express a large amount of human genome and are 

increasingly being used in nutritional studies (de Mello et al., 2012; Liew et al., 2006). 

These cells travel through the body and can respond to hormonal changes as they possess 

receptors to key energy metabolism hormones (e.g. insulin). Hence, these can modulate 

PBMC gene expression and therefore reflect the metabolic response of different organs. 

In fact, our group, together with others, has demonstrated that PBMC gene expression 

can be modulated in response to nutritional changes (fasting and re-feeding) and to 

different diets or diet compounds, specifically reflecting transcriptomic changes which 

occur in important homeostatic tissues, such as liver, adipose tissue or muscle, both in 

animals (Caimari et al., 2010a; Caimari et al., 2010b; Díaz-Rúa et al., 2015; Konieczna 

et al., 2015; Reynés et al., 2016) and humans (Bouwens et al., 2007; Radler et al., 2011; 

Rudkowska et al., 2011a; Rudkowska et al., 2011b). These cells also change their gene 

expression in response to overweight or obesity, as evidenced in studies mainly 

performed in rodents (Caimari et al., 2010c; Oliver et al., 2013; Reynés et al., 2015; 

Reynés et al., 2016). In addition, our group has shown that whole blood cells (which 

include the PBMC fraction) constitute a proper source of nutritional biomarkers in human 

studies (Priego et al., 2014; Priego et al., 2015; Sánchez et al., 2014; Sánchez et al., 2012). 
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Based on this, PBMC can be used as surrogate biological material to perform nutritional 

and obesity-related studies without the need to use other samples more difficult to obtain.  

There is a wide amount of information evidencing the beneficial effects on health 

of n-3 long-chain polyunsaturated fatty acids (LCPUFA) (Fabian et al., 2015; Iso et al., 

2001; Kris-Etherton et al., 2002). N-3 LCPUFA have a clear role diminishing the 

immune-inflammatory response in humans (Bouwens et al., 2009; de Mello et al., 2009; 

Deckelbaum et al., 2006), which is of interest because increased inflammation is the basis 

of several diseases, such as obesity (Campbell, 2004; Genco et al., 2005; Weiss et al., 

2011). Additionally, rodent studies demonstrate that these fatty acids have a role in lipid 

metabolism regulation by increasing lipolytic and decreasing lipogenic capacity through 

changes in gene expression in liver and adipose tissue (Flachs et al., 2005; Mori et al., 

2007; Seo et al., 2005). Among n-3 LCPUFA, eicosapentaenoic (EPA; 20:5n-3) and 

docosahexaenoic acid (DHA; 22:6n-3) found in oily fish and fish oils are those mainly 

studied; both can affect gene expression and metabolic pathways acting as key biological 

regulators (Seo et al., 2005). Most of the work in humans has focused on the effects of 

oral administration of n-3 LCPUFA on the gene expression of inflammatory markers in 

PBMC (Bakker et al., 2010; Bouwens et al., 2010; Bouwens et al., 2009; de Mello et al., 

2009; Myhrstad et al., 2011; Vedin et al., 2012), with some of these studies also using 

PBMC in vitro (Bouwens et al., 2010; Myhrstad et al., 2011). However, a fewer number 

of studies have analysed the effect of orally administered n-3 LCPUFA in the modulation 

of lipid metabolism genes in PBMC (Myhrstad et al., 2011; Radler et al., 2011; Telle-

Hansen et al., 2012). In general, these human studies conclude that exposure to DHA 

and/or EPA point towards a more anti-inflammatory profile and greater fatty acid 

oxidation potential, which is reflected in PBMC (Bouwens et al., 2009; de Mello et al., 

2009; Deckelbaum et al., 2006; Radler et al., 2011). Based on these metabolic effects, 

intake of n-3 LCPUFA is commonly recommended for people suffering from increased 

adiposity; nevertheless, to the best of our knowledge no study has directly compared the 

possible differential response between normoweight and overweight/obese subjects after 

a dietary intervention with these bioactive compounds. Moreover, the different 

experimental designs used, discordant administered doses, type of PUFA and the different 

pathophysiological traits of the subjects lead sometimes to inconsistent results (de Mello 

et al., 2009; Kratz et al., 2013; Rangel-Huerta et al., 2012).  
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Here we aimed to test the usefulness of an in vitro human PBMC system as a tool 

for analysing the effects of n-3 PUFA not only on immune response, but also as a 

surrogate system to reflect the known metabolic effects of these bioactives on lipid 

metabolism, well described in rodent liver and adipose tissues. Moreover, we aimed to 

determine if the observed effects diverge between non-obese and overweight/obese 

subjects. To cover these purposes, we set-up an in vitro system of human PBMC from 

non-obese and overweight/obese individuals to study the direct effects of physiological 

doses (10 µM) of pure DHA, EPA or a combination of both on these cells. 

 

2. MATERIALS AND METHODS 

Subjects. Participants included in this study are those from Experiment 4. This 

study (blood collection and in vitro procedures) was conducted from October 2013 to 

November 2014. The study protocol was approved by the Ethics Committee of Research 

of the Balearic Islands (CEI-IB) (NUTRI-BLOOD study, nº IB 2114/13 PI) and informed, 

written consent was obtained from all participants. Eighteen men aged 19-36 years were 

recruited and divided into two groups depending on their body mass index (BMI): 

normoweight (NW) group (<25 kg/m2) and overweight/obese (OW/OB) group (≥25 

kg/m2); each group was composed of 9 subjects. The inclusion criteria were: apparently 

healthy males aged 18-45 years with no chronic disease, who did not take regular 

medication or drugs, kept their habitual diet, and non-smokers. Only males were included 

in the study to avoid potential interferences due to hormonal fluctuations during the 

menstrual cycle which occur in women. Blood was obtained after a nocturnal fast 

(minimum of 8 h); if a volunteer felt ill, his blood extraction was rescheduled. The day of 

blood donation, anthropometric (weight, height, BMI, % of fat, blood pressure and hours 

of sleep) and blood parameters were collected. A last meal dietary recall of all participants 

was used in order to assess the LCPUFA consumption (both n-3 and n-6) the night before 

by using DIAL software (Alce Ingeniería, Madrid, Spain). 

Quantification of circulating parameters. Blood levels of glucose and 

triglycerides were measured the day of the donation by using an Accu-trend device 

(Roche Diagnostics, Barcelona, Spain). Total cholesterol levels, as well as LDL and 

HDL, were quantified using commercial enzymatic colorimetric kits (Química Clínica 

Aplicada S.A., Tarragona, Spain) in plasma samples as explained in Section 3.7.6. Plasma 
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insulin levels were measured using a human insulin ELISA kit (Abnova Corporation, 

Walnut, CA, USA) (see Section 3.7.2). 

HOMA-IR analysis. Subjects’ insulin resistance was assessed by the homeostatic 

model assessment for insulin resistance. The HOMA-IR score was calculated from 

fasting insulin and glucose concentrations using the formula of (Matthews et al., 1985). 

Long chain n-3 fatty acid preparation. DHA and EPA (greater than 98% pure, 

both) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Both compounds were 

prepared as explained in Section 3.6.1 and administered in a final concentration of 10 µM 

to human PBMC maintained in vitro. The combination of DHA and EPA was obtained 

by administering a final concentration of 5 µM of each fatty acid. The 10 µM dose was 

selected based on a wide range of studies available in literature analysing the effects of 

n-3 LCPUFA on gene expression mainly in cultured adipocytes or hepatocytes (Pérez-

Matute et al., 2005; Radler et al., 2011) but also in PBMC (Bouwens et al., 2010), and 

because it is within physiological plasma ranges in human population (Siddiqui et al., 

2008; Ulven et al., 2011). 

Isolation and in vitro treatment of PBMC. PBMC and plasma samples were 

obtained by density gradient over Ficoll-Paque Plus (GE Healthcare Bio Science, 

Barcelona, Spain) (see detailed description in Section 3.5.1). Culture of PBMC was 

carried out as explained in Section 3.6.2. PBMC were incubated in the presence of DHA, 

EPA or DHA+EPA diluted in RPMI-1640 culture medium in a final concentration of 10 

µM. Additionally, PBMC cultures from six NW participants were set-up in order to 

evaluate the dose-dependent effects of EPA; hence 2, 5, 10, 30 and 50 µM of this 

compound were assessed. For the concentration used in our study, 10 µM, there was no 

significant influence on cell viability or on the cell amount detectable (data not shown). 

No toxicity was observed either for any of the different doses used in the dose-response 

test. The 48 hour-incubation period was chosen based on our previous optimization 

experiments showing a maximum effect on gene expression modulation in response to n-

3 LCPUFA treatment in comparison to a 24 hour-incubation period, without affecting 

cell viability. 

Count of monocyte-lymphocyte proportion in PBMC samples. A fraction of 

the PBMC samples obtained from the subjects involved in the study was used to count 

monocyte-lymphocyte proportion (see Section 3.6.3). To that purpose, one blood smear 

with 25 µl of heparinised blood was prepared for each sample. The smears were stained 
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with Giemsa/Leishman (Sigma-Aldrich Química SA, Madrid, Spain) and examined 

immediately with a light microscope. Monocyte percentage number was determined by 

counting the number of monocytes per 100 PBMC (monocytes and lymphocytes). 

RNA extraction and real-time reverse transcriptase polymerase chain 

reaction (RT-qPCR). After 48 h of in vitro incubation with the studied fatty acids, total 

RNA was isolated from human PBMC using Direct-zol™ RNA Mini-Prep (Zymo 

Research Corp, Irvine, CA, USA), following the protocol explained in Section 3.9.3. 

RNA integrity was confirmed using a 1% agarose gel electrophoresis. Equal amounts of 

total RNA (0.05 µg) were transcribed into cDNA using an iScript™ cDNA synthesis kit 

(Bio-Rad Laboratories, Madrid, Spain) in an Applied Biosystems 2720 Thermal Cycler 

(described in Section 3.10.2; three replicates were reverse-transcribed for each sample. 

After cDNA synthesis, qPCR was performed for each RT product (a total of three PCR 

per sample) to determine mRNA expression of key inflammatory and energy metabolism 

genes (detailed description in Section 3.11). Primers for different genes are described in 

Table 4.10. All primers were obtained from Sigma Genosys (Sigma Aldrich Química SA, 

Madrid, Spain). 
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Table 4.10. Nucleotide sequences of primers and amplicon size used for RT-qPCR amplification in 

human PBMC.	

 

Measurement of cytokine production. Cell culture supernatants were collected 

and tested for IL6 and TNFα cytokine release by specific sandwich ELISAs (RayBiotech, 

Norcross, GA, USA) performed according to the established manufacturer’s procedure 

(Section 3.6.5). A sample dilution of 1/50 was used to analyse IL6 levels and dilutions of 

1/8 and 1/10 (for NW and OW/OB culture medium samples, respectively) were used to 

analyse TNFα levels.  

Statistical analysis. Analysis was performed with SPSS for Windows (SPSS, 

Chicago, IL, USA). Normal distribution of the data and homogeneity of variances were 

tested using Shapiro-Wilk test and Levene test, respectively. To statistically compare 

anthropometric and serum parameters of the groups, a Student’s unpaired t-test was used. 

A Student’s paired t-test was applied in order to compare gene expression changes 

between baseline and n-3 LCPUFA-stimulated PBMC within NW or OW/OB groups. 

The same statistical analysis was applied on cytokine assays. Two-way repeated measures 

ANOVA was used to compare the different effect of treatment and body weight on gene 

expression. One-way repeated measures ANOVA followed by Bonferroni post-hoc test 

was applied to evaluate the dose effects of EPA on gene expression; additionally, a paired 

t-test was used to directly compare the different EPA doses tested with controls. If 

	

Gene Forward primer (5’-3’) Reverse primer (3’-5’) Amplicon size 
(bp) 

Lipid metabolism 
genes    

FASN GAGGAAGGAGGGTGTGTTTG CGGGGATAGAGGTGCTGA 160 

SREBP1C TGAGGACAGCAAGGCAAAG CAGGACAGGCAGAGGAAGAC 108 

CPT1A GATTTTGCTGTCGGTCTTGG CTCTTGCTGCCTGAATGTGA 192 

SLC27A2 TTTCAGCCAGCCAGTTTTG TCTCCTCGTAAGCCATTTCC 157 

Inflammatory genes    

CRP TCGTATGCCACCAAGAGACA CCCATCTACCCAGAACTCCA 183 

IL6 ATGTGTGAAAGCAGCAAAGAG CACCAGGCAAGTCTCCTCAT 111 
MCP1 ATCAATGCCCCAGTCACCT TCCTGAACCCACTTCTGCTT 173 
NFKB AGCAATCATCCACCTTCATTC AGCAAATCCTCCACCACATC 159 
TLR2 GATGCCTACTGGGTGGAGAA AAAAGACGGAAATGGGAGAAG 224 
TNFΑ TGGGCAGGTCTACTTTGGGAT AGAGGTTGAGGGTGTCTGAA 117 
RETN TGTCTCCTCCTCCTCCCTGT GTGACGCTCTGGCACTCC 152 

Reference gene    

RPLP0 ACAACCCAGCTCTGGAGAAA TGCCCCTGGAGATTTTAGTG 240 
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variables were not adjusted to parametric criteria, they were log transformed to perform 

statistical measures. Linear relationships between different variables (anthropometric and 

circulating parameters, as well as cell types) and changes in PBMC gene expression after 

n-3 LCPUFA treatments were tested using Pearson correlation coefficients. Threshold of 

significance was defined at p<0.05 for all analyses. 

 

3. RESULTS 

Volunteer characteristics 

The anthropometric and most relevant circulating parameters of the participants 

are presented in Table 4.11. Subjects included in the two studied groups (NW and 

OW/OB) did not differ in age or height, but body weight, BMI and fat content were higher 

in the OW/OB group. In spite of increased adiposity, OW/OB subjects did not present 

altered circulating levels of glucose, triglycerides or total cholesterol; however, they 

presented signs of insulin resistance, such as increased fasting circulating insulin levels 

and a tendency to an increased HOMA-IR index (p=0.07, Student’s t test), lower plasma 

HDL-cholesterol and higher blood pressure, both systolic (SBP) and diastolic (DBP), 

compared to NW subjects. Furthermore, as shown in Table 4.11, the proportion of 

lymphocytes and monocytes in PBMC samples was not different between both groups. 

LCPUFA consumption the night before the blood donation was calculated and no 

differences were found for n-3 or n-6 LCPUFA intake between NW and OW/OB groups 

(data not shown). 
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Table 4.11. Anthropometric (A), circulating (B) parameters and cell type proportion in PBMC 

samples (C) of the two groups included in the study. Circulating parameters were measured after a 

nocturnal fast. Results represent mean ± S.E.M. (n=9/group). *p<0.05 vs normoweight group, 

determined with an unpaired t-test. 

 

 

 Normoweight Overweight/obese 

A) Anthropometric parameters 

Age (years) 28.9± 1.5 27.6 ± 1.3 

Weight (kg) 70.4 ± 4.2 102 ± 4* 

Height (cm) 178 ± 3 181 ± 2 

SBP (mm Hg) 123 ± 5 139 ± 4* 

DBP (mm Hg) 77.0 ± 4.0 89.3 ± 3.0* 

BMI (kg/m2) 21.5 ± 0.8 31.2 ± 1.2* 

Fat (%) 14.8 ± 1.5 25.7 ± 1.7* 

B) Circulating parameters 

Glucose (mmol/l) 5.69 ± 0.3 5.83 ± 0.3 

Insulin (mUI/l) 5.50 ± 0.6 10.43 ± 2.5* 

HOMA-IR 1.44 ± 0.1 2.72 ± 0.7* 

p=0.07 

Triglycerides (mmol/l) 1.51 ± 0.1 1.75 ± 0.3 

Total-C (mmol/l) 5.21 ± 0.2 5.02 ± 0.2 

LDL-C (mmol/l) 2.49 ± 0.1 2.69 ± 0.2 

HDL-C (mmol/l) 1.82 ± 0.1 1.40 ± 0.1* 

C) Cell type proportion in 

PBMC samples 

  

Monocytes (%) 14.7 ± 1.4 18.3 ± 2.2 

Lymphocytes (%) 85.3 ± 1.4 81.8 ± 2.2 
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Gene expression of key lipid metabolism genes in isolated human PBMC 

treated with n-3 LCPUFA 

The mRNA levels of the two key lipogenic genes analysed, FASN and SREBP1C, 

significantly decreased in PBMC of the NW group after incubation with DHA or EPA, 

although this effect was not observed for the mixture DHA+EPA (Figure 4.10A). In the 

OW/OB group the effect was dependent on the type of n-3 LCPUFA: DHA treatment did 

not affect FASN or SREBP1C expression, whereas EPA decreased the expression of both 

genes (p<0.05) and the DHA+EPA combination significantly inhibited SREBP1C but not 

FASN expression (Figure 4.10A). For the key gene involved in beta-oxidation, CPT1A, a 

tendency to up-regulation was noticed in the NW group (p=0.08) and the effect was 

significantly greater for the OW/OB group as a result of the treatment with DHA or 

DHA+EPA, but it was not affected by EPA in any group (Figure 4.10B). Interestingly, 

mRNA expression of the fatty acid transport gene SLC27A2 was significantly decreased 

in PBMC of the NW group in response to the different treatments (DHA, EPA and their 

combination), but in the OW/OB group SLC27A2 expression levels remained unchanged 

(Figure 4.10C).  

 

Gene expression and release of inflammatory markers in isolated human 

PBMC treated with n-3 LCPUFA. 

As a general trend, an anti-inflammatory gene expression profile was observed in 

PBMC of the NW group. In this sense, a significant decreased expression of IL6 and 

TNFα was observed in the NW group after exposure to DHA, EPA or a combination of 

both (Figure 4.11). NFκB mRNA levels were also decreased in this group after treatment 

with DHA and EPA, but not by their combination (Figure 4.12), and CRP expression was 

decreased as a result of treatment with DHA+EPA (Figure 4.12). Moreover, a strong 

tendency (p<0.01, Student’s t test) to lower mRNA levels was also observed for MCP1 

in the NW group in response to all the treatments (Figure 4.11).  Levels of IL6 and TNFα 

were measured in the culture media as selected cytokines (Figure 4.13). In the NW group, 

we detected lower IL6 levels in the culture media in response to the treatment with EPA 

or DHA+EPA, but not with DHA administered alone (Figure 4.13A). We also observed 

lower TNFα levels in the culture media in PBMC from 8 (DHA treatment), 6 (EPA) and 

7 (DHA+EPA) out of 9 normoweight individuals, although statistical significance was 

not reached (Figure 4.13B). Regarding the OW/OB group, a general insensitivity was 
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observed for the different treatments, evidenced by a lack of inhibition of the studied 

inflammatory genes in DHA-treated PBMC (Figures 4.11 and 4.12) and where a 

significant decreased expression was only observed for NFκB and TLR2 in cells treated 

with EPA or DHFA+EPA (Figure 4.12). However, even though there was no inhibitory 

effect at the messenger level, lower IL6 levels were released by PBMC into the culture 

media as a result of treatment with the n-3 LCPUFA in overweight/obese subjects (Figure 

4.13A). 

 

Linear correlation between key variables and PBMC gene expression   

To understand if differences in inter-individual responses in PBMC gene 

expression to n-3 LCPUFA treatment could be affected by differences in certain 

variables, such as anthropometric and circulating parameters or cell type proportion, we 

performed linear correlations between these parameters and PBMC gene expression 

changes after treatments. Although we did observe several significant correlations 

between gene expression variations and some parameters both in the NW and in the 

OW/OB groups, none of them clearly appeared to be responsible for the individual 

responses taking into consideration the whole genes analysed (data not shown). 
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Figure 4.10. Effect of DHA, EPA and DHA+EPA treatments on mRNA expression of: A) key fatty 

acid synthesis genes (FASN and SREBP1C); B) the key fatty acid oxidation gene (CPT1A); and C) a 

fatty acid transport gene (SLC27A2), in isolated PBMC from normoweight and overweight/obese 

individuals, measured by RT-qPCR. Isolated PBMC were treated for 48h with a vehicle control 

(ethanol), 10 µM DHA, 10 µM EPA or 10 µM DHA+EPA in the presence of CD3/CD28 magnetic 

beads. All data are presented as individual responses and represent means of 3 replicates per subject 

and condition. mRNA levels were normalised to RPLP0 and expressed relative to vehicle-treated cells. 

*p<0.05 (or indicated when different) was calculated using a paired t-test. Two-way repeated measures 

ANOVA was performed to compare the different effect of treatments and body weight on gene 

expression. TxBW, interactive effect between treatment and body weight of PBMC donors. OW 

indicates the overweight subjects within individuals of the overweight/obese group. Δ represents 

percentage of variation: + indicates increased and – indicates decreased expression. 
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Dose-response effects of EPA on gene expression of isolated human PBMC 

maintained in vitro 

To validate the reliability of our in vitro system, we tested the dose-response effect 

of EPA treatment on gene expression of SREBP1C (Figure 4.14). The experiment was 

carried out with PBMC from six NW participants and the results evidenced that the effect 

of EPA on PBMC gene expression was dose-dependent. While no effect was observed 

with 2 µM concentration, 5 and 10 µM of EPA tended to diminish SREBP1C mRNA 

levels (p<0.1); statistical significance was not reached due to inter-individual variability. 

A clear significant effect on SREBP1C expression was observed for the higher doses: 30 

and 50 µM; the latter being above physiological concentrations. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.14. Dose effects of EPA on SREBP1C expression in human PBMC from selected 

normoweight individuals, measured by RT-qPCR. PBMC were treated for 48h with vehicle control 

(ethanol) or EPA at various concentrations in the presence of CD3/CD28 magnetic beads. mRNA 

levels were normalised to RPLP0 and expressed relative to vehicle-treated cells. Data represent means 

± S.E.M. (3 replicates). *p<0.05 vs Control (or indicated when different) was calculated using a paired 

t-test.	
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4. DISCUSSION 

PBMC in vitro assays offer an economic and easy candidate method to assess the 

efficacy and safety of food bioactive compounds. Particularly, PBMC may constitute a 

plausible model to test metabolic effects of fatty acids. In this study, we show that 

administration of n-3 LCPUFA not only regulates the expression of inflammatory genes 

but also the expression of lipid metabolism genes in isolated human PBMC maintained 

in vitro. Moreover, this regulation occurs with a similar pattern to that observed in vivo 

in liver or adipose tissue from rodents (Flachs et al., 2005; Mori et al., 2007) and in human 

studies (Bouwens et al., 2009; Radler et al., 2011). This could be facilitated as PBMC are 

known to express nuclear receptors such as peroxisome proliferator-activated receptors 

(PPARs) (Bouwens et al., 2007; Marx et al., 2002) and Toll-like receptors (Riordan et al., 

2003), which can mediate, respectively, fatty acid effects on lipid metabolism and 

immune response through gene expression regulation. Moreover, our assay allows the 

study of gene expression of different immune cell populations present in PBMC samples, 

as we have previously described that incubation of isolated cells with anti-CD3/CD28 

coated beads (used in the present study) stimulate both T lymphocytes and monocytes 

(Gómez-Touriño et al., 2011). Finally, here we show that the effects of n-3 LCPUFA on 

PBMC gene expression are dependent on body weight of the subjects.  

It is well known that n-3 LCPUFA have highly positive biological effects on 

health. In rodents, it has been shown that DHA/EPA administration reduces body fat 

storage and improves lipid and glucose metabolism, even under a HF diet (Ruzickova et 

al., 2004). In fact, it is known that n-3 LCPUFA treatment, both in vivo and in vitro, 

stimulates fatty acid beta-oxidation while it decreases fatty acid lipogenic capacity in liver 

and adipose tissue (Flachs et al., 2005; Mori et al., 2007; Seo et al., 2005). Moreover, 

both in animals and humans, DHA/EPA treatment reduces blood TG and seems to 

improve insulin sensitivity (Ikemoto et al., 1996; Ruxton et al., 2004). However, to the 

best of our knowledge, there are only a few studies that analyse the expression of lipid 

metabolism-related genes in PBMC after oral administration of n-3 LCPUFA (either with 

the intake of fatty fish, fish-oil or capsules) (Radler et al., 2011; Telle-Hansen et al., 2012) 

and none of them directly investigated the differential response between non-obese and 

obese individuals. An intervention study performed in hyperlipidemic subjects receiving 

supplementation with PUFA, polyphenols and L-carnitine showed increased expression 

of the key fatty acid beta-oxidation gene CPT1A in PBMC, which was corroborated using 
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HepG2 cells (Radler et al., 2011). A similar result was obtained in an ex vivo experiment 

using PBMC from healthy women treated with a single dose of 60 µM of EPA, which 

resulted in higher CPT1A mRNA levels (Myhrstad et al., 2011). In the present study, 

PBMC expression of CPT1A significantly increased after incubation with DHA and with 

the combination of DHA+EPA in the OW/OB group. Furthermore, a tendency (p=0.08) 

to increased CPT1A expression was also observed for the same treatments in the NW 

group; however, statistical significance was not reached in this case due to high intra-

group variations. EPA treatment raised no response of CPT1A at the dose administered 

in our study (10 µM). The data shown here, within the physiological range, make evident 

a much stronger effect of DHA vs EPA on CPT1A gene expression induction, as DHA 

resulted effective when administered at a dose of 10 µM or even 5 µM (dose used when 

combined with EPA). Concerning lipogenic capacity, PBMC displayed significant 

decreased expression of the two key genes studied, FASN and SREBP1C, after exposure 

to n-3 LCPUFA, which is in line with previous observations from animal studies that 

have shown the ability of PUFA to supress hepatic lipogenesis (Kim et al., 1999). The 

here-described inhibitory effect was somehow dependent on BMI, as it was observed for 

both NW and OW/OB groups for EPA, but only for NW subjects in the case of DHA 

treatment, reflecting a relative insensitivity to this specific n-3 LCPUFA in PBMC from 

obese subjects. It is known that obesity is associated with impaired nutritional response 

in key metabolic tissues, such as liver or adipose tissues (Caimari et al., 2012; Matamala 

et al., 1996; Puigserver et al., 1992). We have previously described using in vivo animal 

studies that PBMC from obese animals can reflect this lack of nutritionally-related 

metabolic response characteristic of the obese status (Oliver et al., 2013; Reynés et al., 

2015). The analysis of SLC27A2 mRNA expression resulted of especial interest to 

determine insensitivity to n-3 LCPUFA treatment. This gene codes for a fatty acid 

transporter which facilitates the uptake of long chain fatty acids (Hirsch et al., 1998; 

Steinberg et al., 1999; Uchiyama et al., 1996) and whose over-expression in liver is 

related to hepatic steatosis (Krammer et al., 2011). Recently, our group has proposed 

SLC27A2 expression in rodent PBMC as a potential marker of obesity related to the intake 

of cafeteria diet (Caimari et al., 2010c). Our results show that SLC27A2 regulation was 

clearly dependent on the BMI of the subjects: it significantly decreased in PBMC from 

NW individuals in response to all the treatments (DHA, EPA or the combination of both), 

while no effect was observed for any of the treatments in PBMC from OW/OB subjects.  
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Insensitivity to n-3 LCPUFA treatments in the OW/OB group was also evident 

when analysing gene expression response of key inflammatory genes. In the NW group, 

a significant diminished ex vivo pro-inflammatory cytokine gene expression was seen for 

IL6 and TNFα, after administration of DHA, EPA or DHA+EPA, for NFκB after 

administration of DHA and EPA, and for CRP after administration of EPA (p=0.06) and 

DHA+EPA (p<0.05), which is in line with other previous studies (Bouwens et al., 2009; 

de Mello et al., 2009; Deckelbaum et al., 2006). However, in OW/OB subjects, none of 

the studied genes were affected by DHA, and only two genes (NFκB and TLR2) were 

significantly decreased after incubation with EPA administered alone or in combination 

with DHA. IL6 content was analysed as one selected cytokine in the culture media to 

detect if its release corresponded to what was observed at the mRNA level. Decreased 

IL6 mRNA expression seen in PBMC of normoweight subjects matched the lower IL6 

levels in the culture media in response to the treatment with EPA or DHA+EPA, but not 

with DHA alone, probably due to the high variability among individuals. Surprisingly, in 

spite of the lack of response observed at the gene expression level in the OW/OB group, 

we observed decreased IL6 content in the media of treated PBMC, evidencing a lower 

release of this inflammatory factor and a post-transcriptional regulation as has been 

previously reported for this cytokine (de Vos et al., 1994; Rambaldi et al., 1993).  

In this study, we used a single dose of 10 µM of DHA or EPA, and 5 µM of each 

fatty acid for the mixture. In humans consuming a regular Western diet, plasma 

concentration of n-3 LCPUFA oscillates from 8 to 12 µM (Siddiqui et al., 2008), and in 

a healthy Norwegian adult population it has been reported that EPA plasma 

concentrations are of around 35 µM (Ulven et al., 2011). Thus, the dose used in this 

experiment is within physiological ranges. It is important to note, however, that in this 

study DHA and EPA did not act synergistically and some of the results observed with 

single DHA or EPA were not seen with DHA+EPA. This could probably be due to the 

fact that half the concentration was administered (5 µM of each fatty acid). 

Although most of the studies point towards a broad spectrum of beneficial effects 

of long chain n-3 LCPUFA, some controversy exists probably related with inter-

individual differences. In a review from 26 randomised trials, (Rangel-Huerta et al., 2012) 

concluded that the anti-inflammatory potential of n-3 LCPUFA was not completely 

obvious in healthy subjects and modest in patients with cardiovascular or other chronic 

diseases. Moreover, an intervention trial using n-3 LCPUFA from plant and marine 
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sources resolved that these bioactive compounds did not affect adipose tissue nor 

systemic inflammation in obese individuals (Kratz et al., 2013). On the other hand, (Itariu 

et al., 2012) suggested that PUFA might have an anti-inflammatory effect in severe obese 

subjects with higher levels of inflammation.  

In our study, we found that isolated human PBMC from normoweight subjects are 

able to respond to n-3 LCPUFA at a transcriptomic level, reflecting the expected healthy-

like metabolic effects of these compounds, despite the wide variation in basal gene 

expression levels across individuals. Besides that, an inter-individual variability in gene 

expression response to the treatments is also evident, which could be reflecting the 

different genetic background among individual that could trigger a different response to 

food bioactives (Jones, 2015). This heterogeneity could also be the result of differences 

in biochemical parameters, such as blood glucose or insulin. However, as evidenced by 

linear regression analysis, none of these parameters clearly appeared to be responsible of 

the heterogeneity observed in individual responses to n-3 LCPUFA treatment taking into 

consideration to whole genes analysed. Finally, the individual response could also vary 

depending on health status (Siddiqui et al., 2008) and therefore there may be differences 

in how long chain n-3 PUFAs act under different health situations. Particularly, we 

observed a relative insensitivity in transcriptomic response to n-3 LCPUFA treatments in 

PBMC from OW/OB subjects, a group of individuals who would obtain specific benefit 

from the use of these bioactive compounds. It has been reported that 

hyperglycaemia/insulin resistance present in obese subjects is related to impaired 

cytokine expression in PBMC in response to nutritional interventions (González et al., 

2006; González et al., 2007). In relation to this, we observed signs of insulin resistance 

in the OW/OB group which could, at least in part, explain the altered mRNA expression 

of immune and lipid metabolism-related genes in response to PUFA treatment related to 

a higher BMI. Moreover, PBMC gene expression could be influenced by differences in 

the cell types that constitute the samples (Whitney et al., 2003). In this sense, it is worth 

mentioning that the different gene expression changes observed in our study between NW 

and OW/OB groups after DHA and EPA treatments were not due to differences in PBMC 

subpopulations (proportion of lymphocytes and monocytes) between groups, but to a 

specific response of the cells. Although more research is needed, based on our results it 

could be advisable to recommend losing weight or using higher doses to fully profit n-3 

LCPUFA health-related effects.  Moreover, results point to SLC27A2, IL6 and TNFα 
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genes in PBMC as potential markers of sensitivity to n-3 LCPUFA, on the basis that their 

expression was affected by all the treatments in NW subjects but not in OW/OB, using 

isolated PBMC incubated with physiological doses of the studied fatty acids. 

The use of an in vitro system in comparison to an in vivo model has important 

advantages for functional food research. This system allows testing compounds with 

unknown roles without the need to orally administrate them, which avoids potential 

previously unknown toxic or undesirable effects. A PBMC in vitro system also allows 

performing more rapid and economic studies than in vivo administration of food 

bioactives. However, PBMC and, in general, in vitro systems, also present limitations. 

For instance, although PBMC express a large amount of human genome, some specific 

genes of interest may not be expressed or expressed in low amounts in these cells. Also, 

it could be the case that PBMC do not respond to some specific food biaoctives. Finally, 

PBMC have to be isolated immediately after their sampling and require quick and 

accurate processing, thus, it would be complex to process samples from a large number 

of individuals in a short time.  

 

5. CONCLUSION 

In conclusion, we have confirmed the usefulness of in vitro studies using PBMC 

to test metabolic effects of n-3 LCPUFA. This in vitro system in particular allows the 

possibility of identifying those individuals who are better able to respond to the beneficial 

effects of long chain n-3 PUFA. Moreover, it could constitute an appropriate controlled 

biological system to further study the effects of specific formulations of n-3 LCPUFA, 

tailored individually and thus avoiding misleading findings. In a broader context, proper 

development and use of PBMC cultures in nutrition studies could be very useful to screen 

for beneficial effects of food-derived bioactive compounds. 
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CHAPTER 5 

 

 

Impaired CPT1A gene expression response to retinoic acid treatment in 

human peripheral blood mononuclear cells as a predictor of metabolic risk 

In vitro systems of human peripheral blood mononuclear cells (PBMC) offer the 

possibility to test the transcriptomic effects of food bioactive compounds. Based on this, 

here we investigated the action of all-trans retinoic acid (ATRA) on the expression of key 

inflammatory and lipid metabolism genes in PBMC from normoweight (NW) and 

overweight-obese (OW-OB) humans and its relation to metabolic syndrome-related 

features. PBMC were incubated with 10 µM of ATRA and mRNA levels of selected 

genes were analysed using RT-PCR. Insensitivity to ATRA was evident in the OW-OB 

group when analysing retinoids receptors (RARα and RXRα) and the key lipogenic gene 

FASN. Impaired regulation of CPT1 has been reported as a marker of obesity-related 

medical complications, however, ATRA CPT1A response was not altered in samples 

from our OW-OB group. Interestingly, when subjects were divided regarding their HDL 

cholesterol levels there was a lack of ATRA response in those with lower levels of HDL, 

which is considered as a risk factor for cardiovascular disease. Moreover, when 

participants were subdivided on the basis of CPT1Α response, NW group did not exhibit 

differences in HDL levels between high- and low-responder subjects. However, OW-OB 

with lower ATRA CPT1Α response exhibited lower levels of HDL cholesterol compared 

both with their partners with higher CPT1Α response and with NW group. Thus, this in 

vitro system of human PBMC shows that ATRA response could be influenced by 

metabolic syndrome features. Besides that, this system allows reinforcing the role of 

CPT1A as a marker of metabolic risk and emphasising the importance of plasmatic levels 

of HDL as a parameter to take into account per se when the effects of nutritional factors 

and/or dietary interventions on humans are under study.  
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1. BACKGROUND 

In recent years, metabolic-related health problems are coming up as a result of the 

increasing incidence of obesity and metabolic alterations related to metabolic syndrome 

(Bray and Bellanger, 2006). Both of obesity and metabolic syndrome play a crucial role 

in the origin of type 2 diabetes and cardiometabolic diseases (Ford et al., 2002). 

Nowadays, there is no effective treatment against these metabolic abnormalities, 

therefore, prevention strategies are those that should receive more attention. In this sense, 

peripheral blood mononuclear cells (PBMC), a subset of blood cells consisting of 

lymphocytes and monocytes, are being consolidated as a biological tool for the search of 

health metabolic biomarkers as their gene expression is representative of whole metabolic 

status (Díaz-Rúa et al., 2015; Liew et al., 2006; Reynés et al., 2015) and they are easy to 

obtain. Our group previously reported that PBMC could reflect the response to nutritional 

interventions, metabolic alterations or other pathophysiological conditions related to 

obesity at level of gene expression both in human and animal models (Díaz-Rúa et al., 

2015; Priego et al., 2015; Reynés et al., 2015; Sánchez et al., 2012). Moreover, results 

included in Chapter 4 show that human PBMC maintained in vitro represent an interesting 

tool to test the effects of food bioactive compounds and to discern the differential 

transcriptomic response to those compounds related to increased body weight. 

Previous studies from our group show that retinoic acid (RA), the active 

metabolite of vitamin A, could offer a great potential for the treatment of obesity and 

related diseases. In mice, treatment with RA reduces body weight and adiposity 

(Amengual et al., 2010; Mercader et al., 2006; Puigserver et al., 1996; Ström et al., 2009) 

and ameliorates glucose tolerance, insulin sensitivity, dislypidemia and hepatic steatosis 

in diet-induced obese mice (Berry and Noy, 2009; Felipe et al., 2004; Mercader et al., 

2008). It is known that a large part of these beneficial effects is mediated through the 

action of RA on adipose tissue, a key tissue whose expansion has been related to the 

development of obesity and other metabolic disorders. The role of RA regarding 

metabolism of adipose tissue has been generally proven in vitro. It has been demonstrated 

that RA is involved in the control of adiposity, affects adaptive thermogenesis and 

promotes increased fatty acid oxidative metabolism (Bonet et al., 2012). However, 

evidence suggesting a potential role of RA in the control of adiposity and other factors 

related to metabolic abnormalities in human populations are limited. Recently, a 
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prospective study in a Chinese population has shown an inverse relationship between RA 

status and the risk of metabolic syndrome (Liu et al., 2016). 

It is well known that RA exerts its biological effects in large part by controlling 

gene expression. RA acts through the binding and activation of members of the nuclear 

receptor family including retinoic acid receptors (RAR) and retinoid X receptors (RXR), 

both existing in different isoforms (Bonet et al., 2012). Besides that, RXR serve as 

obligate heterodimeric partner for other nuclear receptors, including peroxisome 

proliferator-activated receptors (PPARs) deeply involved in the control of lipid 

metabolism (Bonet et al., 2012). The activation of these receptors elicits a modulation of 

key inflammation and metabolic pathways related to lipid metabolism, two processes 

linked to the development of obesity and metabolic-related abnormalities. Both retinoid 

receptors and PPARs are expressed in PBMC (Bouwens et al., 2007; Szabova et al., 

2003).  

Considering the previously described usefulness of an in vitro system of human 

PBMC to test the transcriptomic effects of n3 LC-PUFA which also offers the possibility 

of identifying those individuals who are better able to respond to the beneficial effects of 

these compounds (Chapter 4), here we investigated the action of all-trans retinoic acid 

(ATRA) on the expression of key inflammatory and lipid metabolism genes in PBMC 

from normoweight and overweight-obese humans and its relation to metabolic syndrome-

related features. We aimed to find out biomarkers of metabolic risk beyond the typical 

ones in order to provide more personalised diagnostic tools.  

 

2. MATERIALS AND METHODS 

Subjects. Volunteers included this study are those from Experiment 4. This study 

(blood collection and in vitro procedures) was conducted from October 2013 to 

November 2014. The study protocol was approved by the Ethics Committee of Research 

of the Balearic Islands (CEI-IB) (NUTRI-BLOOD study, nº IB 2114/13 PI) and informed 

written consent was obtained from all participants. Eighteen men aged 19-36 years were 

recruited and divided into two groups depending on their body mass index (BMI): 

normoweight (NW) group (<25 kg/m2) and overweight-obese (OW-OB) group (≥25 

kg/m2); each group was composed of 9 subjects. NW group was considered as the control 

group. The inclusion criteria were: apparently healthy males aged 18-45 years with no 
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chronic disease, who did not take regular medication or drugs, kept their habitual diet, 

and non-smokers. Blood was obtained after nocturnal fast (if a volunteer felt ill, his blood 

donation was rescheduled). The day of blood donation, anthropometric (weight, height, 

BMI, kg of fat, % of fat, blood pressure, and hours of sleep) and blood parameters 

(glucose and triglycerides) were collected. 

Quantification of circulating parameters. Blood levels of glucose and 

triglycerides were measured the day of the donation by using an Accu-trend device 

(Roche Diagnostics, Barcelona, Spain). Total cholesterol levels, as well as LDL and HDL 

were quantified using commercial enzymatic colorimetric kits (Quimica Clínica Aplicada 

S.A., Tarragona, Spain) in plasma samples following the manufacturer’s instructions. 

Plasma insulin levels were measured using a human insulin ELISA kit (Abnova 

Corporation, Walnut, CA, USA) (see Section 3.7.2). 

HOMA-IR analysis. Subjects’ insulin resistance was assessed by the homeostatic 

model assessment for insulin resistance. The HOMA-IR score was calculated from 

fasting insulin and glucose concentrations using the formula of (Matthews et al., 1985). 

All-trans retinoic acid preparation. ATRA was purchased from Sigma-Aldrich 

(St. Louis, MO, USA) and was prepared as a stock solution (10 mM) dissolved in absolute 

ethanol, stored in single use aliquots at -80ºC to prevent repeated freeze thaw cycles and 

protected from light. ATRA was administered in a final concentration of 10 µM to human 

PBMC maintained in vitro. The 10 µM dose was tested to determine cytotoxicity of 

ATRA treatment based on the measurement of LDH activity released from damaged cells 

(Roche Diagnostics, Barcelona, Spain); no toxicity was observed (detailed in Section 

3.6.4).  

Isolation and in vitro treatment of PBMC. EDTA anticoagulated venous blood 

from the volunteers was collected and diluted 1:1 with PBS 1X. PBMC were isolated by 

density gradient over Ficoll-Paque Plus (GE Healthcare Bio Science, Barcelona, Spain) 

centrifuging for 30 min at 400 g, 25ºC, with no brake (see detailed description in Section 

3.5.1). Plasma samples were obtained from the top layer and stored at -80ºC for further 

analysis. Culture of PBMC was carried out as explained in Section 3.6.2. Cultured cells 

were incubated in the presence of ATRA in a final concentration of 10 µM. Additionally, 

PBMC cultures from three non-obese participants were set up in order to evaluate the 

dose-dependent effects of ATRA; hence 1 and 10 µM of this compound were assessed.  
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Count of monocyte-lymphocyte proportion in PBMC samples. A fraction of 

the PBMC samples obtained from the subjects involved in the study was used to count 

monocyte-lymphocyte proportion (see Section 3.6.3).  

RNA extraction and real-time reverse transcriptase polymerase chain 

reaction (RT-qPCR). After 48 h of in vitro incubation with the studied fatty acids, total 

RNA was isolated from human PBMC using Direct-zol™ RNA Mini-Prep (Zymo 

Research Corp, Irvine, CA, USA), following the protocol explained in Section 3.9.3. 

RNA integrity was confirmed using a 1% agarose gel electrophoresis. Equal amounts of 

total RNA (0.05 µg) were transcribed into cDNA using an iScript™ cDNA synthesis kit 

(Bio-Rad Laboratories, Madrid, Spain) in an Applied Biosystems 2720 Thermal Cycler 

(described in Section 3.10.2); three replicates were reverse-transcribed for each sample. 

After cDNA synthesis, qPCR was performed for each RT product (a total of three PCR 

per sample) to determine mRNA expression of key inflammatory and energy metabolism 

genes (detailed description in Section 3.11). Primers for different genes are described in 

Table 4.12. All primers were obtained from Sigma Genosys (Sigma Aldrich Química SA, 

Madrid, Spain). 
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Table 4.12. Nucleotide sequences of primers and amplicon size used for RT-qPCR amplification in 

human PBMC. 

 

Measurement of cytokine production. Cell culture supernatants were collected 

and tested for IL6 and TNFα cytokine release by specific sandwich ELISAs (RayBiotech, 

Norcross, GA, USA) performed according to the established manufacturer’s procedure 

(Section 3.6.5). A sample dilution of 1/50 was used to analyse IL6 levels and dilutions of 

1/8 and 1/10 (for NW and OW-OB culture medium samples, respectively) were used to 

analyse TNFα levels.  

Statistical analysis. Analyses were performed with SPSS for windows (SPSS, 

Chicago, IL, USA). Normal distribution of the data and homogeneity of variances were 

tested using Shapiro-Wilk test and Levene test, respectively. To statistically compare 

anthropometric and serum parameters between groups unpaired t-test was used. Paired t-

test was applied in order to compare gene expression changes between baseline vs ATRA-

stimulated PBMC within NW or OW-OB groups. The same statistical analysis was 

	

Gene Forward primer (5’-3’) Reverse primer (3’-5’) Amplicon size 
(bp) 

Lipid metabolism 
genes    

FASN GAGGAAGGAGGGTGTGTTTG 
 

CGGGGATAGAGGTGCTGA 
 

160 

SREBP1C TGAGGACAGCAAGGCAAAG 
 

CAGGACAGGCAGAGGAAGAC 
 

108 
 

CPT1Α GATTTTGCTGTCGGTCTTGG 
 

CTCTTGCTGCCTGAATGTGA 
 

192 

SLC27A2 TTTCAGCCAGCCAGTTTTG 
 

TCTCCTCGTAAGCCATTTCC 
 

157 

Inflammatory genes    

CRP TCGTATGCCACCAAGAGACA 
 

CCCATCTACCCAGAACTCCA 
 

183 

IL6 ATGTGTGAAAGCAGCAAAGAG 
 

CACCAGGCAAGTCTCCTCAT 
 

111 
 

MCP1 ATCAATGCCCCAGTCACCT 
 

TCCTGAACCCACTTCTGCTT 
 

173 
 

NFKB AGCAATCATCCACCTTCATTC 
 

AGCAAATCCTCCACCACATC 
 

159 
 

TLR2 GATGCCTACTGGGTGGAGAA 
 

AAAAGACGGAAATGGGAGAAG 
 

224 
 

TNFα TGGGCAGGTCTACTTTGGGAT 
 

AGAGGTTGAGGGTGTCTGAA 
 

117 
 

Retinoid receptors    
RARα GCTTCACCACCCTCACCAT 

 
GTCTCCGCATCATCCATCTC 
 

235 

RXRα ACGAGAATGAGGTGGAGTCG 
 

ATGTTGGTGACAGGGTCGTT 
 

157 

Reference gene    
RPLP0 ACAACCCAGCTCTGGAGAAA TGCCCCTGGAGATTTTAGTG 240 
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applied to cytokine assays. Two-way repeated measures ANOVA was used to compare 

differences between anthropometric or biochemical parameters and ATRA treatment on 

gene expression. Two-way ANOVA was applied to determine differences between 

normoweight and overweight-obese subjects and CPT1Α response to ATRA regarding 

cholesterol levels. The median value of the distribution in the overall group was selected 

as an arbitrary cut point to define gene expression categories (subjects with a low or high 

CPT1Α response to ATRA). One-way repeated measures ANOVA followed by LSD 

post-hoc test was applied to evaluate the dose effects of ATRA on gene expression. If 

variables were not adjusted to parametric criteria, they were log transformed to perform 

statistical measures. The threshold of significance was defined at p<0.05 for all analyses. 

 

3. RESULTS 

Volunteer characteristics. Anthropometric and most relevant circulating 

parameters of the volunteers have been previously reported in the Table 4.11 included in 

Chapter 4. In brief, compared to NW group, OW-OB subjects displayed increased body 

weight, BMI, fat content and higher blood pressure (both systolic and diastolic). OW-OB 

group showed glucose, triglycerides, total and LDL cholesterol levels comparable to 

those in the NW group. However, they presented signs of insulin resistance, such as 

increased fasting circulating insulin levels and increased HOMA-IR index, and lower 

plasma HDL-cholesterol. The proportion of lymphocytes and monocytes in PBMC 

samples was not different between both groups, discarding in this way that differences in 

gene expression when analysing the PBMC samples could be influenced by differences 

in the amount of the two cell types. 

 

Gene expression of RXRα and RARα in isolated human PBMC treated with 

ATRA. As shown in Figure 4.15, incubation of human PBMC with 10 µM of ATRA 

decreased mRNA levels of both receptors RXRα and RARα in NW group as previously 

reported by Bonet et al (Bonet et al., 1997) in cultured brown adipocytes as an auto-

regulatory mechanism of the retinoids effects. However, the down-regulation of RXRα 

expression was slighter in OW-OB group and their RARα mRNA levels remained 

unchanged.  

 



Margalida Cifre. Doctoral thesis 

	 	 	
- 140 - 

 

Figure 4.15. Effect of ATRA treatment on the mRNA levels of retinoid receptors (RARα and RXRα) 

in isolated PBMC from NW and OW/OB individuals, measured by RT-qPCR. Isolated PBMC were 

treated for 48h with a vehicle control (ethanol) or 10 µM ATRA in the presence of CD3/CD28 

magnetic beads. All data are presented as individual responses and represent means of 3 replicates per 

subject and condition. mRNA levels were normalised to RPLP0 and expressed relative to vehicle-

treated cells. *p<0.05 (or indicated when different) was calculated using a paired t-test. Two-way 

repeated measures ANOVA was performed to compare the different effect of treatments and body 

weight on gene expression. TxBW, interactive effect between treatment and body weight of PBMC 

donors. OW indicates the overweight subjects within individuals of the overweight-obese group. 

Down arrows represent decreased expression. 

 

Gene expression and release of inflammatory markers in isolated human 

PBMC treated with ATRA. Decreased mRNA levels of NFΚB, TNFα and TLR2 were 

observed in NW and OW-OB groups (Figure 4.16). Surprisingly, the exposure to ATRA 

increased the transcriptomic levels of MCP1 in PBMC from both groups of participants 

and IL6 in NW group (Figure 4.16). However, the increased mRNA levels of IL6 in this 

group were not reflected into higher levels of this cytokine in the culture media (Figure 

4.17). In fact, the release of IL6 and TNFα in the culture media was lower in both groups 

of subjects in response to ATRA treatment (Figure 4.17).  
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Figure 4.17. Effect of ATRA (10 µM) treatment on isolated PBMC on IL6 and TNFα levels in the 

culture media. Cytokine concentrations were detected by ELISA. All data are presented as individual 

responses and represent means of 2 duplicates per subject. Statistics: same as described in Figure 1. 

OW indicates the overweight subjects within individuals of the overweight-obese group. Down arrows 

represent decreased expression. 

 

Gene expression of key lipid metabolism genes in isolated human PBMC 

treated with ATRA. The mRNA levels of the key lipogenic gene FASN, decreased in 

PBMC of the NW group after incubation with ATRA. However, this effect was not 

observed in the OW-OB group. However, ATRA treatment did not affect SREBP1C 

expression, which codes for a key lipogenic transcription factor (Figure 4.18A). We also 

analysed the regulation of SLC27A2, whose coded protein is involved in fatty acid 

transport which facilitates the uptake of long chain fatty acids (Krammer et al., 2011; 

Steinberg et al., 1999). Interestingly, SLC27A2 expression in PBMC decreased in both 

groups of participants in response to ATRA treatment (Figure 4.18A). Surprisingly, for 

the key gene involved in fatty acid beta-oxidation, CPT1Α, no effect was observed in 

PBMC after ATRA administration either in NW or OW-OB group (Figure 4.18A). 

Considering the previously described role of CPT1Α as a marker of the metabolic status 

both in animals and humans (Díaz-Rúa et al., 2016; Sánchez et al., 2012), we divided 

subjects considering the other anthropometric and biochemical parameters collected in 

order to analyse possible associations between these parameters and CPT1Α response. 

Regarding fat mass content, circulating triglycerides, total and LDL cholesterol, glucose 

and insulin levels and HOMA index no differences were detected in terms of CPT1Α 

IL6 levelsTNFα levels IL6 levelsTNFα levels
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expression response (data not shown). Interestingly, when we divided the overall group 

of subjects by their plasma HDL levels (low vs high, according to National Cholesterol 

Treatment Panel guidelines (National Cholesterol Education Program (NCEP) Expert 

Panel on Detection, 2002)) we found that subjects with high HDL levels were those 

whose PBMC showed up an increased expression of CPT1Α after incubation with ATRA 

(Figure 4.18B). Whereas subjects with lower levels of HDL did not display this response 

(Figure 3B). To further examine the potential interaction between CPT1Α response to 

ATRA in PBMC and cholesterol levels of volunteers, NW and OW-OB groups were 

subdivided into categories according to the CPT1Α gene expression response (high 

response vs low response) (Figure 4.18C-E). When subjects were subdivided on the basis 

of CPT1Α response, NW group did not exhibit differences in HDL levels between high- 

and low-responder subjects (Figure 4.18E). However, OW-OB subjects with lower 

CPT1Α gene expression response to ATRA exhibited lower levels of HDL cholesterol 

compared both with their partners with higher CPT1Α response and with NW group 

(Figure 4.18E). No associations were found regarding total and LDL cholesterol levels in 

any of the groups in relation to their CPT1Α response to ATRA (Figure 4.18C-D).  

 

 

 

 

Figure 4.18. Effect of ATRA treatment on mRNA expression of key fatty acid synthesis genes (FASN 

and SREBP1C); the key fatty acid oxidation gene (CPT1A); and a fatty acid transport gene (SLC27A2), 

in isolated PBMC from NW and OW-OB individuals (A). Statistics: the same as described in Figure 

1. Effect of ATRA treatment on mRNA expression of CPT1A in isolated PBMC from individuals with 

low and high HDL cholesterol levels (B); comparison of plasma total cholesterol (C), LDL cholesterol 

(D) and HDL cholesterol levels (E) in NW and OW-OB individuals with low and high CPT1A 

response to ATRA in PBMC. BWxCAT, interactive effect between BW categories and categories of 

gene expression (p<0.05, two-way ANOVA); *, differences between low and high CPT1A response 

within the same BW group (p<0.05, paired t-test); #, differences between NW and OW-OB individuals 

within the same category of gene expression (p<0.05, unpaired t-test). Down arrows represent 

decreased expression while up arrows represent increased expression. 
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Dose-response effects of ATRA on gene expression of isolated human PBMC 

maintained in vitro. Additionally, we wanted to test whether effects of ATRA treatment 

were dose-dependent. We studied this dose-response effect in PBMC from three non-

obese participants and analysed the gene expression of MCP1, RXRα and SLC27A2 as 

selected genes (Figure 4.19). Results show that the effect of ATRA treatment on PBMC 

gene expression was significant for both doses used (1 and 10 µM). The effect of ATRA 

tended to be dose-dependent on MCP1 expression but statistical significance between 

doses was not reached due to the large inter-individual variability in gene expression 

response. Concerning RXRα and SLC27A2 expression the effects of ATRA were similar 

with 1 and 10 µM.  

 

 

	

 

 

 

 

 

 

 

 

Figure 4.19. Dose effects of ATRA on MCP1, RXRα and SLC27A2 expression in human PBMC from 

selected NW individuals, measured by RT-qPCR. PBMC were treated for 48h with vehicle control 

(ethanol) or ATRA at various concentrations in the presence of CD3/CD28 magnetic beads. mRNA 

levels were normalised to RPLP0 and expressed relative to vehicle-treated cells. Data represent means 

± S.E.M. (3 replicates). One-way repeated measures ANOVA was performed followed by LSD post 

hoc test. Data not sharing a common letter (a, b) are significantly different (p<0.05). 
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4. DISCUSSION 

There is a wide amount of information showing that PBMC offer an accessible 

source of transcriptomic-based biomarkers of nutritional and metabolic status, giving the 

possibility to show the metabolic scenario that occur in other tissues, such as liver, 

adipose tissue or skeletal muscle (de Mello et al., 2012). Moreover, results exposed in 

Chapter 4 show up that in vitro assays of human PBMC offer a plausible model to test 

the efficacy and safety of food bioactive compounds. Food bioactive compounds are 

recently receiving an increasing attention in terms of their possible beneficial effects on 

ameliorating metabolic and physiological alterations related to obesity and its co-

morbidities. In the present study, we show that the administration of ATRA regulates the 

expression of key inflammatory and lipid metabolism genes in isolated human PBMC 

maintained in vitro. This gene expression changes may be modulated in part by nuclear 

receptors. In fact, RARα and RXRα were expressed in PBMC of the participants as stated 

previously by (Szabova et al., 2003). Moreover, we describe that ATRA response in 

PBMC is impaired depending on body weight of the donors as well as depending 

metabolic risk factors, particularly, HDL cholesterol levels. 

The effects of retinoic acid (RA) treatment in animals are well studied. It is known 

that this retinoid is able to ameliorate the negative effects associated with obesity 

improving different processes, such as glucose tolerance, insulin sensitivity and serum 

lipid profile (Amengual et al., 2010; Felipe et al., 2004; Mercader et al., 2006). In fact, a 

previous study from our group using mice showed that whole blood (that includes PBMC) 

reflected the metabolic scenario after ATRA treatment that occur in other tissues like liver 

or adipose tissue (Petrov et al., 2016). However, in humans the physiological and 

metabolic effects of retinoic acid are controversial. First of all, ATRA is a minor 

constituent of the diet and represents less than 5% that of total vitamin A in the tissues of 

healthy animals and humans (Chytil, 1986). In fact, unlike vitamin A or carotenoids, 

ATRA is not available as a dietary supplement. Therefore, the exposure to ATRA is 

limited, for all practical purposes, to the oral or topical treatment of medical disorders. 

The use of ATRA or its active derivatives at pharmacological doses is associated with a 

wide range of side-effects, such as disturbed glucose metabolism, impairment of insulin 

sensitivity, and increase in serum levels of total cholesterol and triglycerides and decrease 

in serum levels of HDL cholesterol (Ertugrul et al., 2011; Koistinen et al., 2001). 

Therefore, the subjects receiving treatment with retinoids could be at greater risk of 
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developing metabolic syndrome in later life. However, numerous studies in humans have 

described an inadequate vitamin A status in overweight and obese population (de Souza 

Valente da Silva et al., 2007; Villaça Chaves et al., 2008). Despite the fact that the 

concentration of ATRA in human plasma represents only a small part of all-trans-retinol 

(< 1%) and that it is rapidly metabolized in the body (Chytil, 1986). (Liu et al., 2016) 

have recently found that serum levels of ATRA in humans are inversely correlated with 

the risk of metabolic syndrome, regardless of adiposity and insulin resistance. Hence, 

probably the doses and the routes through which vitamin A derivatives are taken are 

particularly relevant as it seems there is a delicate balance between promoting negative 

effects on lipid profile and ameliorating lipid metabolism.  

To the best of our knowledge, although there are few studies analysing the effects 

of RA or its derivatives on energy metabolism and inflammatory response in animal and 

human cell lines (Bonet et al., 1997; Liu et al., 2005; Puigserver et al., 1996; Zhu et al., 

1999), there are no studies analysing the expression of lipid metabolism-related genes in 

PBMC after ATRA treatment. Moreover, none of either in vitro or in vivo studies using 

pharmacological doses of RA or of its derivatives directly compare the differential effects 

of retinoic acid treatment taking into account metabolic syndrome related features.  

Regarding the effects of ATRA administration on inflammation, our results point 

towards an anti-inflammatory profile after ATRA administration as has been stated in 

different cell lines (Kirchmeyer et al., 2008; Liu et al., 2005) and in animal models with 

inflammatory-related diseases (Kwok et al., 2012; Wu et al., 2013). We found a 

significant reduction in the expression of key inflammatory genes (NFKB, TNFa and 

TLR2) in PBMC from both NW and OW-OB subjects after in vitro ATRA treatment and, 

even if MCP1 (a chemotactic protein) expression was increased in the two studied groups 

and IL6 expression was increased in NW subjects, the released IL6 and TNFa levels in 

the culture media were lower in both experimental groups.  

Although the analysis of inflammatory genes did not show relevant differences 

between NW and OW-OB subjects, it is well known that obesity is related to an impaired 

nutritional response at gene expression level in key metabolic tissues, which is reflected 

in PBMC (Caimari et al., 2010a). Moreover, we previously found using the same in vitro 

system of human PBMC that subjects with higher BMI showed up an impaired response 

either of key lipid metabolism and inflammatory genes to long chain n-3 PUFA (Chapter 

4). In fact, when the group of subjects were divided by their BMI we found that there was 
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a reduction in mRNA levels of both retinoid nuclear receptors in PBMC of the NW group 

(RARα and RXRα). However, this auto-regulatory mechanism of the retinoid effects was 

impaired in the OW-OB group. Probably, these nuclear receptors are mediating the 

downstream effects of ATRA on the expression of energy metabolism-related genes 

(Bonet et al., 2012). The same lack of response was seen in the case of FASN gene 

expression, a key lipogenic gene, whose expression decreased in the NW group but no in 

the OW-OB group. Unexpectedly, we did not find changes in CPT1A in response to 

ATRA treatment in any of the two studied groups. CPT1A codes for a rate-limiting 

enzyme of fatty acid oxidation, and it is described in animal tissues (Amengual et al., 

2010; Mercader et al., 2006) and cell lines (Amengual et al., 2012) that its gene expression 

is enhanced by ATRA treatment. 

In the present study besides the BMI, we also divided the gene expression 

response to ATRA taking into account other metabolic syndrome-related features 

collected from the participants. By doing this, we found an interesting association 

between HDL levels and CPT1A response to ATRA, an association that was not observed 

either for total and LDL cholesterol levels. We have shown that individuals with higher 

levels of HDL display the expected enhanced CPT1A expression in PBMC after ATRA 

administration. Nevertheless, this response is missing in subjects with levels of HDL 

below 40 mg/dL, which has been associated with an increased risk of coronary risk 

(Castelli et al., 1986). It is usual that most of the attention falls on LDL levels or a 

combination of LDL and HDL levels as markers of the risk of CVD. However, an 

increasing number of studies show the importance of HDL levels by themselves as a risk 

factor of CVD and HDL is considered as a better risk predictor than LDL (Bruckert and 

Hansel, 2007; Mahdy Ali et al., 2012; Toth, 2004). Therefore, our data reinforce the 

importance of HDL as predictor of metabolic disturbances, in this case, studied as a lack 

of CPT1A response in PBMC to ATRA treatment. Moreover, our data suggest it may 

exist an association between BMI, HDL levels and CPT1A response to ATRA in PBMC. 

That is, here we show that CPT1A expression after ATRA treatment is independent of 

HDL levels in PBMC from NW subjects but not in the OW-OB group. Remarkably, the 

OW-OB participants with lower levels of HDL cholesterol showed an attenuate response 

to ATRA regarding CPT1A expression. This regulation/impaired regulation of CPT1A 

response to ATRA, more related to HDL than to BMI is of interest, as it could be used as 

a new marker to diagnose metabolic risk with independence of the presence of overweight 
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or obesity, as it is well known that also normoweight individuals can have increased 

metabolic syndrome risk (Conus et al., 2007). In the same line, previous data from our 

group described the utility of the analysis of impaired CPT1A response to fasting as a 

marker of metabolic risk (liver steatosis and insulin resistance) in metabolically obese but 

normal weight rodents (Díaz-Rúa et al., 2016). Moreover, we have also previously shown, 

in humans, an association between the expression levels of CPT1A in whole blood and 

metabolic alterations associated with childhood obesity (Sánchez et al., 2012).  

 

5. CONCLUSION 

In conclusion, an in vitro system of human PBMC is able to respond to food 

bioactive compounds, in this case to ATRA administration, a response which can be 

influenced/impaired by the presence of overweigh-obesity but also by other metabolic 

syndrome features, such as circulating HDL levels. Finally, this system allows reinforcing 

the role of CPT1A as a marker of metabolic risk and emphasising the importance of 

plasmatic levels of HDL as a key parameter to take into account per se when the effects 

of nutritional factors and/or dietary interventions on humans are under study.  
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5. INTEGRATED DISCUSSION 

The present PhD thesis is intended to use transcriptomic analysis in a subset of 

easily obtainable blood cells, PBMC, to explore the effects of diet on health. Obtained 

results highlight the suitability of PBMC as a biological material mirroring the dual role 

of diet on health, both detrimental and health-promoting. This is of high relevance as gene 

expression analysis in PBMC appears as tool to identify early biomarkers of health and 

disease, which are of interest to establish early preventive strategies.  

On one hand, the thesis provides information about the detrimental effects of high-

fat diet consumption on cognitive function. The relation between obesity and cognitive 

impairment is an emerging research field; moreover, our results show that this relation is 

present as result of the intake of hyperlipidic diets, even when obesity is absent. More 

interesting is the fact that we have demonstrated the potential usefulness of PBMC to 

reflect the effects of unbalanced diets (rich in fat) taking place in hippocampus, the main 

organ involved in cognitive processes. Overall, our results using rats as animal model 

showed that MONW phenotype is associated with an impairment of cognitive function 

which is reflected in behavioural alterations and in changes in the expression of genes 

somehow involved in cognitive function in hippocampus. Not only that, obtained results 

point to PBMC as a potential source both of early risk and recovery biomarkers of 

cognitive impairment.  

Obesity and related comorbidities are one of the most outstanding pathological 

conditions related to bad food habits (fat-rich hypercaloric diets). Previously using animal 

models, our group described a deregulation in fasting response associated with the obese 

state which occurs since early stages of body weight increase (Reynés et al., 2014). This 

fasting insensitivity associated with obesity is indicative of metabolic impairment which 

is related to complications and, interestingly, it can be reverted by dieting (Reynés et al., 

2014). In the light of these results, as part of this thesis we have started a study, in humans, 

to identify the potential usefulness of PBMC to reveal metabolic flexibility or its 

impairment in humans with different BMI through analysis of gene expression response 

to fasting. Although this study is still underway, preliminary results show that impairment 

in metabolic flexibility, analysed as PBMC fasting response in humans, cannot be only 

addressed by changes in BMI. Thus, there is a need to deepen in finding out the 

anthropometric and/or physiological parameters which determine the metabolic response 

to fasting or its impairment in humans, e.g. body fat distribution.  
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On the other hand, diet/diet compounds are also known to exert health benefits. 

This thesis presents a suitable ex vivo method based on human PBMC to gain insight into 

the effects of different food bioactive compounds (i.e. long chain n-3 PUFA and ATRA). 

Interestingly, we demonstrate that PBMC are able to respond to these compounds (at gene 

expression level) and that the response is impaired with higher BMI but also can be 

influenced by other metabolic syndrome features. Therefore, ex vivo analysis of PBMC 

can be useful to test biological effects of food bioactives but also as a system to identify 

obesity-related metabolic alterations based on an impaired transcriptional response to 

specific food compounds. 

Results described in this thesis and presented by chapters are collected in four 

original manuscripts. One of them is already published on first quartile scientific journal 

in the field of food science and technology (Chapter 4); another one is submitted to a first 

quartile scientific journal in the field of neuroscience (Chapter 1). The other two 

manuscripts are in preparation to submit to scientific journals in the field of nutrition and 

neuroscience (Chapters 2 & 5). Each chapter corresponds to one manuscript. Moreover, 

we present an additional chapter with preliminary data about metabolic flexibility or 

metabolic impairment in humans clustered according to their BMI (Chapter 3). The major 

part of these results has been also presented on international and national congresses. 

Although each chapter includes its own discussion, this section intends to present the 

most relevant results in order to give an integrated message of the present thesis. 

5.1. Study of the effects of isocaloric intake of fat-rich diets on 

cognitive function and identification of early biomarkers of 

cognitive impairment in PBMC from rats with a MONW phenotype 

In the last years, epidemiological and experimental studies have linked the 

excessive caloric intake to cognitive related disorders, reaching the point to consider 

obesity as a brain disease (Shefer et al., 2013). Studies performed in rodents show up that 

the intake of high-fat diets in ad libitum conditions with subsequent overweight or obesity 

triggers a number of pathological consequences at a molecular and physiological level 

related to cognitive processes (Morrison et al., 2010; Pistell et al., 2010). Here we 

demonstrated that it is not necessary to exceed the caloric consumption to increase the 

risk of developing cognitive disorders but the higher consumption of fat-rich foods with 

no development of obesity (i.e. MONW phenotype) is related to cognitive impairment as 
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well. Moreover, we have highlighted that even the MONW phenotype established at early 

ages is enough to cause some alterations that can be related to cognitive decline.  

First, we characterised the effects of chronic administration (4 months) of two 

commercial high-fat diets with different fat content (45% and 60% kcal from fat) in 

isocaloric conditions to a control standard diet to two-month-old Wistar rats to mimic 

MONW phenotype. To characterise the effects of high-fat diet pair-feeding on cognitive 

function we focused our attention on analysing the transcript levels of a number of genes 

in hippocampus (App, Bdnf, Casp3, Creb, Fndc5, Naat16, Nrf2, Pgc1α, Sorl1, Syn1, 

Tmcc2, Tnfα, Trkb and Zpr1) reflecting different processes that somehow influence 

cognitive processes. As expected, HF60 animals presented MONW-related abnormalities 

such as higher visceral fat, fat depot in liver and insulin resistance. For its part, the HF45 

group also showed up signs of insulin resistance and increased fat liver deposition, but 

MONW-like features were more subtle than in the HF60 group. In this line, even both 

diets caused alterations in the expression of selected genes in hippocampus, the 60% high-

fat diet, as strongest stimulus, displayed more gene expression changes that pointed out 

to a cognitive deficit in those animals. First, the HF60 group showed up an enhanced 

expression of inflammation and apoptosis markers along with an increased expression of 

App, a hallmark of AD; a decreased expression of Sorl1, a regulator of APP metabolism 

(Schmidt et al., 2007); and an impaired neuronal plasticity evidenced by decreased 

mRNA levels of Trkb and Syn1. These molecular changes in hippocampus are indicative 

of cognitive dysfunction in MONW-like animals which, in fact, was evidenced by 

impaired spontaneous alternation in the T-maze. Even though the underlying mechanisms 

by which the consumption of fat rich foods and the subsequent cognitive dysfunction are 

not completely known, our results provide evidence that insulin resistance might play a 

critical role in this relationship, as stated by other authors (McNay and Recknagel, 2011; 

Stranahan et al., 2008; Watson and Craft, 2006). The significant role of insulin resistance 

on cognitive function was highlighted by the correlations obtained between the degree of 

insulin resistance and the expression of different cognitive-related gens in both groups of 

animals fed with high-fat diets. These results are significant for two reasons. First, 

consumption of fat-rich foods is fully increasing leading to the appearance of MONW 

phenotype (Bel-Serrat et al., 2014), which most of the time goes unnoticed as it is linked 

to the absence of increased body weight. Secondly, cognitive-related diseases are 

diagnosed when the disorder is practically developed and, moreover, there are no 
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effective treatments to revert the situation. Therefore, it is really urgent to focus our 

attention on prevention strategies in order to tackle or prevent these disorders in time. For 

that reason, we decided to test the suitability of PBMC as a source of early risk biomarkers 

of cognitive decline since our group previously demonstrated their utility in nutrigenomic 

and obesity-related studies (Oliver et al., 2013; Reynés et al., 2016). Our results 

demonstrate that PBMC express most of the key cognitive-related genes and they are able 

to reflect gene expression patterns occurring in hippocampus in response to the intake of 

high-fat diets. In this sense, the analysis of Sorl1 and Syn1 resulted of special interest as 

they fulfil the required features to be considered as early biomarkers. That is, their 

expression patterns were comparable to those observed in hippocampus and remained 

altered from the first month until the end of the experimental period. Worthy of mention 

is the fact that PBMC seem to be especially sensitive to nutritional imbalance inputs as, 

even if Syn1 expression remained unchanged in hippocampus of HF45 animals, its gene 

expression was decreased in PBMC of these animals at different time points. These results 

are included in Chapter 1. 

Once we characterised the relationship between MONW phenotype and cognitive 

impairment, we wanted to determine if the establishment of MONW features at early ages 

was also associated with a disruption in cognitive processes and, if that was the case, to 

check if this was evidenced in PBMC in order to gain robustness to the risk biomarkers 

identified in Chapter 1. Perinatal nutrition environment is of such importance on clearly 

defining the lasting effects on adult health phenotype (Palou et al., 2009; Savino et al., 

2009). Moreover, it is known that hippocampus is a very susceptible organ to nutritional 

and stress status during the perinatal period (Lucassen et al., 2013). Our group has a wide 

expertise in the field of perinatal nutrition concretely in the study of perinatal 

programming after leptin supplementation, including its positive effects on preventing 

the risk of later obesity and related complications even when the individual is exposed to 

an obesogenic environment (Priego et al., 2010). This, together with the fact that leptin 

regulates neuronal function and synaptic plasticity (Morrison, 2009) led us to focus our 

attention on the study of the potential beneficial effects of leptin supplementation during 

lactation in the susceptibility of cognitive decline in the adulthood of MONW-like rats 

fed a high-fat diet. As set out in Chapter 2, we supplemented male Wistar pups with 

leptin and their counterparts with vehicle Captisol® during the whole suckling period. 

After weaning, we wanted to mimic MONW features but shortening the nutritional 
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intervention period. For that, we administered in isocaloric conditions to a control diet a 

60% high-fat diet for 9 weeks (vs 16 weeks used in the previous experiment), until 3 

months of age, both in leptin-treated and part of the control animals. Control group pair-

fed with the hyperlipidic diet clearly displayed MONW phenotype. However, leptin 

supplementation resulted in a reduction of some fat depots and a recovery of insulin 

resistance features, even when animals were exposed to the high-fat diet. The protective 

effects of leptin supplementation preventing the risk of developing negative metabolic 

features associated with the obese state have already been described by our group (Palou 

et al., 2009; Szostaczuk et al., 2017). Here, we observed again that MONW phenotype is 

linked to a cognitive decline but the gene expression patterns seem to be dependent on 

the time of exposure of the hyperlipidic environment. Some of the gene expression 

changes observed in hippocampus after administration of high-fat diets for four months 

(Chapter 1) were not detected when the unhealthy diet was administered for a shorter 

period of time (9 weeks). Also, the other way around, alterations in the expression of 

Bdnf, a determinant factor in neuronal processes underlying learning and memory 

(Castrén et al., 1998), were associated with MONW phenotype established at early ages 

but not for a long period of time, which is in line with other studies linking ad libitum 

high-fat diet consumption and obesity with aberrations in Bdnf expression (Yamada-Goto 

et al., 2012). Leptin-treated animals displayed most of the gene expression alterations in 

hippocampus as observed for those who did not receive leptin but were fed the same high-

fat diet in the adulthood. However, part of the results indicates that leptin supplementation 

may play a protective role making these animals less prone to cognitive decline even 

when they are exposed to a detrimental nutritional environment. While the HF group 

showed a disrupted performance in the T-maze indicating impairment in cognitive 

processes, animals who received leptin during lactation preserved their working memory 

in spite of displaying molecular changes in hippocampus pointing to a cognitive 

dysfunction. Moreover, Psen1 expression in hippocampus of leptin-treated animals was 

decreased in comparison both to HF and control groups which is an important fact as its 

inhibition has been raised as a potential anti-amyloidogenic therapy in AD (Pitsi and 

Octave, 2004). Although it is evident that more research is required to understand how 

leptin exerts its protective effects regarding cognitive function, one of the plausible 

mechanisms by which leptin could act is the improvement of insulin sensitivity. Insulin 

plays a number of functions in brain since its receptors are distributed across the brain, 

not only as homeostatic signal in hypothalamus but also regulating memory processes in 
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hippocampus (Shefer et al., 2013), acting as synaptic modulator (Arnold et al., 2014), and 

even taking action in Aβ processing (McNay and Recknagel, 2011). Therefore, when an 

impairment on its modulation occurs, deleterious effects on cognitive processes emerge. 

As a matter of fact, the results set out in Chapter 1 point to a clear role of insulin 

signalling in the modulation of the gene expression patterns observed in hippocampus.  

Newly, the results obtained in Chapter 2 demonstrate the suitability of PBMC as 

a source of biomarkers of cognitive impairment. Indeed, gene expression patterns of Bdnf, 

Casp3 and Syn1 in PBMC at the end of the nutritional intervention period (9 weeks) run 

parallel to that observed in hippocampus at the same time point. However, the most 

outstanding result was that obtained for Syn1. First, Syn1 displayed a decreased 

expression in PBMC from HF group from the first month until the end of the experimental 

period. A reduction in mRNA levels of Syn1 was observed in hippocampus in the same 

group. These results are in line with that exposed in Chapter 1 and they are truly 

remarkable as Syn1 downregulation after high-fat diet consumption has been related to 

synaptic dysfunction (Molteni et al., 2002). But, perhaps, more exceptional is the fact that 

leptin supplementation resulted in intermediate mRNA levels of Syn1 in PBMC between 

control and HF groups which do not happen in hippocampus. On one hand, this is 

evidencing over again the sensitivity of PBMC to nutritional factors and the great ability 

to reflect transcriptomic changes even before they turn up on the main tissues, in this case, 

in hippocampus. On the other hand, these results reveal Syn1 as a dual biomarker, that is, 

Syn1 gene expression seems to reflect the disrupted cognitive processes after high-fat diet 

consumption but also the protective effects of perinatal leptin supplementation on 

cognitive health.  

5.2. Study of the usefulness of PBMC to analyse metabolic flexibility 

and its impairment in humans with different BMI 

In proper physiological conditions, the body is able to adjust the metabolism to 

changing homeostatic circumstances such as in fasting conditions. This flexibility is 

evidenced by a restructuration of gene expression patterns in key metabolic tissues (e.g. 

liver, adipose tissue and muscle) from the anabolic profile observed in feeding conditions 

to a catabolic profile in order to provide enough caloric energy to the body (Palou et al., 

2008; Palou et al., 2010). However, it has been described in rodents that diets rich in fat 

and subsequent obesity are associated with an insensitivity to different nutritional stimuli 
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(Oliver et al., 2012) including a missing gene expression response to fasting (Reynés et 

al., 2014) which moreover is confirmed in PBMC (Caimari et al., 2010a). In this thesis, 

we include a preliminary study (Chapter 3) performed in humans where we aimed to 

validate the use of PBMC as an innovate tool to study metabolic flexibility or alternatively 

obesity-related metabolic impairment in humans. For that, we have started recruitment of 

non-obese and overweight/obese participants who are submitted to two blood extractions, 

one in feeding and other in fasting conditions, to obtain PBMC. We selected few 

metabolic-related genes (CPT1A, FASN, NPY, SREBP1C and SLC27A2) that have 

previously described to respond both in metabolic tissues and PBMC from fasted and 

metabolically healthy rodents and whose expression is impaired during obesity (Caimari 

et al., 2010c; Oliver et al., 2013; Reynés et al., 2014). The results we have so far are 

showing up that what is defining the metabolic response to fasting in humans goes beyond 

the BMI. That is, when we are taking into account the groups divided by BMI there are 

no robust results regarding CPT1A, FASN and SREBP1C expression that would indicate 

metabolic impairment in obese subjects as set out in previous studies using animal models 

(Reynés et al., 2014). The fact that in normoweight group there are subjects that not even 

display the proper response to fasting would be indicative of a MONW phenotype. 

Likewise, there are subjects with high BMI which seem to have intact their metabolic 

flexibility and could be tentatively indicative of a healthy metabolic status. Moreover, the 

same pattern is observed when we take into consideration fat content determined by 

bioimpedance. Therefore, these preliminary results make evident the need to look into 

other features in order to know which of them are delineating such response. It is known 

that fat distribution plays a great role defining metabolic risk, being an excess visceral 

adiposity the most harmful feature in the development of metabolic risk profiles (Despres, 

2012; Jensen, 2008). The data about fat mass content we deal with refers to total body 

fat. It is known that there is considerable variation in visceral adiposity at a given BMI 

value (Despres, 2012). Therefore, we have planned our next step assessing fat distribution 

patterns by validated techniques such as dual energy X ray absorptiometry (DEXA) 

besides the determination of circulating parameters in order to be able to define which 

feature or features would be the largest risk factors contributing to metabolic impairment 

in humans. In this way, and based on body fat distribution and fasting response, we 

pretend to distinguish between lean non-responders due to visceral fat accumulation 

(MONW phenotype) and obese responders due to a “healthier-subcutaneous” fat 

distribution (metabolically healthy obese –MHO– phenotype).  
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5.3. Development of an in vitro system of human PBMC to determine 

the effectiveness and safety of food bioactive compounds with 

potential beneficial effects on obesity 

In the last decades, the concept of proper nutrition has lagged behind and, in turn, 

it has evolved to the concept of optimal nutrition. In other words, now we are looking for 

a diet that not only completely fulfils our nutritional requirements but also provides an 

added value on our health. In this sense, the emphasis has been placed on the study of 

food bioactive compounds and the subsequent development of functional foods. Food 

bioactive compounds are essential and non-essential compounds (e.g., vitamins or 

polyphenols) that occur in nature, are part of the food chain, and had shown to have an 

effect on human health (Biesalski et al., 2009). Concretely, many attentions have been 

paid to evaluate the effects of food bioactives on improving or preventing obesity and 

related diseases. The research in the field of food bioactive compounds is aimed to 

identify the beneficial interactions between a particular food and one or more 

physiological functions besides the underlying mechanisms involved in such interactions. 

To effectively achieve these aims it is necessary to include on the methodology both in 

vitro and in vivo studies. However, as has already been evoked throughout this thesis, to 

perform in vivo studies in humans has its own complexity as entails a number of 

difficulties such as the collection of samples that usually implies the use of invasive 

methodology, the costs of the researches and so on. For that reason, PBMC could offer a 

plausible and economical alternative to screen the efficacy and safety of food bioactive 

compounds. Then, we set up an in vitro system of human PBMC from non-obese and 

overweight/obese men to study the effects of two types of food bioactive compounds 

widely known for their effects on improving different metabolic and inflammatory 

features linked to the obese state either in humans or animal models: n-3 LCPUFA and 

ATRA. The selected n-3 LCPUFA were DHA, EPA or a combination of both 

administered at physiological doses to PBMC cultures. It is quite known that the 

consumption of these types of fatty acids is linked to an anti-inflammatory profile 

(Weaver et al., 2009) and are able to regulate lipid metabolism by increasing beta-

oxidation and decreasing lipogenesis (Dentin et al., 2005; Radler et al., 2011). Overall, 

although the inter-individual variability is evident, after exposing PBMC from the 

normoweight group to n-3 LCPUFA we observed a reduced expression of lipogenic genes 

FASN and SREBP1C, and an enhanced beta-oxidation capacity evidenced by higher 
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mRNA levels of CPT1A, especially after DHA administration. Moreover, both DHA and 

EPA displayed the faculty to reduce the inflammatory response of human PBMC 

maintained in vitro. These effects boosting oxidative potential, reducing lipogenic 

capacity and generating an anti-inflammatory environment are in line with that described 

in other in vitro studies using human cell lines (Myhrstad et al., 2011; Radler et al., 2011) 

or in in vivo studies performed in different tissue depots from animal models (Flachs et 

al., 2005; Mori et al., 2007). However, none of these studies directly compare the response 

to these fatty acids between non-obese and obese subjects which has been one of the aims 

of our study. In fact, our results point towards the need of more personalised nutritional 

interventions. In our study, PBMC of overweight/obese group displayed some of the gene 

expression changes described for non-obese group, such as an enhanced CPT1A 

expression or a reduction in mRNA levels of some key inflammatory genes. But, 

surprisingly, we detected that the response of PBMC to these specific n-3 LCPUFA was 

in part dependent on BMI. In other words, some metabolic and inflammatory responses 

observed in normoweight group were impaired in overweight/obese individuals. It is not 

the first time that obesity is associated with an altered nutritional response which has been 

described to occur in animals studies in key metabolic tissues like liver or adipose tissues 

(Oliver et al., 2012; Reynés et al., 2014) and confirmed as well using PBMC (Caimari et 

al., 2010b; Reynés et al., 2015). First, the decrease in lipogenic capacity was not detected 

in individuals with high BMI after DHA treatment. That is, no reduction was observed in 

FASN and SREBP1C mRNA levels. However, the most remarkable results which strongly 

evidenced the insensitivity to n-3 LCPUFA associated with increased body weight were 

those obtained for two inflammatory genes (TNFa and IL6) and for SLC27A2, a fatty acid 

transporter, since their expression remained unchanged in overweight/obese group with 

any of the treatments used. Obese individuals are the population which can most benefit 

from the anti-inflammatory and lipolytic effects of n-3 LCPUFA since, as it has been 

mentioned before, the obese state is associated with a chronic inflammation (Bastard et 

al., 2006). Therefore, the nutritional interventions addressed to obese people and which 

include the use of n-3 LCPUFA could be not effective, and point towards the need of a 

previous weight loss to obtain a full benefit of such compounds. These results are 

included in Chapter 4. 

Another bioactive compound tested using this ex vivo system of human PBMC 

was ATRA, a vitamin A derivate. The positive effects of ATRA against obesity-related 
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features such as reducing body weight, adiposity and improving insulin resistance signs 

has been widely proved in rodents (Amengual et al., 2010; Berry and Noy, 2009). 

However, experimental data in humans are almost missing as the use of ATRA is limited 

to medical purposes, unlike vitamin A or carotenoids. In fact, it has been described a 

disturbed lipid and glucose metabolism when this retinoid is used as oral or topical 

treatment, for example in some types of skin disorders (Ertugrul et al., 2011; Koistinen et 

al., 2001). Anyway, an inverse relationship between serum levels of ATRA and the risk 

of metabolic syndrome has been recently found by (Liu et al., 2016). Probably, the doses 

of ATRA are what mark out the way taken regarding its effects, that is, either promoting 

a positive glucose and lipid metabolism or disrupting them. 

First, our results showed up a clear anti-inflammatory gene expression profile of 

human PBMC after ATRA treatment which is in line with other studies. Our study over 

again demonstrates that obese state implies an impairment to different nutritional inputs. 

We observed that treatment with ATRA was unable to reduce the expression of retinoid 

receptors (RARα and RXRα) and FASN in overweight/obese group. But, here we showed 

up that not only an increased body weight is an important feature determining the 

disruption in nutritional responses but also other metabolic syndrome features would need 

to be considered as well. That is the case of HDL levels which usually are considered 

along with LDL levels as predictors of CVD. When we took into account the analysis of 

PBMC gene expression response after ATRA treatment dividing experimental groups 

according to a number of metabolic syndrome-features, we found that CPT1A expression 

response was dependent on HDL levels. Concretely, subjects with high HDL levels 

displayed an increased expression of CPT1A but this response was missing in subjects 

with HDL levels below 40 mg/dL, considered to represent a risk for CVD development. 

More surprising was the fact that this relation could be dependent of BMI as well. 

Normoweight subjects did not display any significant difference in CPT1A response to 

ATRA depending on their HDL levels. However, those obese individuals with lower 

levels of HDL were that who showed the attenuate CPT1A response. Our data helps to 

reinforce the previously proposed role of CPT1A as a marker of metabolic risk both in 

rodents and humans (Díaz-Rúa et al., 2016; Sánchez et al., 2012). Moreover, these results 

support the hypothesis proposed by other authors that circulating HDL levels by 

themselves could be considered a better risk predictor rather than LDL (Bruckert and 
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Hansel, 2007; Mahdy Ali et al., 2012; Toth, 2004) and they should be a key parameter to 

consider in dietary interventions. These results are included in Chapter 5.  

In summary, the human PBMC in vitro system presented here could be the starting 

point to analyse the effects of other food compounds with unascertained roles with no 

need to orally administer them, avoiding the appearance of undesirable effects. Moreover, 

the results collected using this system strengthen the idea of the urgency of more specific 

and individual interventions so that especially those individuals at metabolic risk can fully 

benefit from the positive effects of such bioactive compounds in order to ameliorate their 

health. 

General remarks and future directions 

This thesis makes evident that the relation of unbalanced diets with health is not 

only due to obesity, but alerts of the adverse effects of fat-rich diets even in the absence 

of obesity. Particularly, in studies performed in animal models, we have established a 

previously unknown relationship between cognitive impairment and MONW phenotype 

which can be monitored since early stages in blood cells. Due to the proven inefficacy of 

therapy once a neurodegenerative disease is present and to the increasing amount of 

MONW individuals, a main future challenge consists in the identification of early 

biomarkers of disease, for example in blood cells, to develop health preventive strategies. 

In this line, we have planned a human study (BLOOD-COGNIMARK) to test the validity 

of the most promising blood biomarkers of cognitive impairment identified in animals. 

Research on early biomarkers of cognitive disease is crucial and more research in this 

field is needed. Moreover, it becomes of key relevance to alert and make aware to the 

population of the problems related to the intake of fat-rich diets, which go beyond the 

most known problems of metabolic syndrome associated with obesity, and affect also to 

brain health. In general, the identification of early biomarkers of diet-related disease (not 

exclusively related to brain function) constitutes an important research objective for 

future years, and blood appears as an attractive and interesting biological source.   

On the other hand, diet is a source of multiple food constituents which can have 

health benefits. Therefore, it would be relevant for the food industry and to promote 

consumers and public health, to set out effective and economic biological systems to 

establish metabolic effects of specific food compounds to be used to promote functional 
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food science research. In vitro blood cells systems have been proven to be effective also 

for this purpose, so this or other possibilities should be further explored. 



 

	 	 	
- 164 - 



 

	
- 165 - 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

6. CONCLUSIONS



Margalida Cifre. Doctoral thesis 

	 	 	
- 166 - 

6. CONCLUSIONS 

I. MONW phenotype is associated with a gene expression profile in hippocampus 

indicative of cognitive impairment. Chronic intake of high-fat diets in absence of 

obesity, even when administered for shorter periods of time, is associated with a 

number of gene expression changes in hippocampus pointing to a cognitive decline 

which is confirmed by disrupted working memory assessed using spontaneous 

alternation paradigm. Our data suggest that insulin might be a key regulator of 

cognitive processes and the development of insulin resistance would trigger a 

disruption on such processes. 

II. PBMC show up as a plausible source of early biomarkers of cognitive 

impairment. PBMC are able to delineate expression patterns of genes involved in 

cognitive function at different time points comparable to that observed in 

hippocampus, the main organ involved in memory and learning processes. 

Therefore, PBMC could be a promising approach for the identification of 

transcriptomic biomarkers reflecting cognitive impairment before any other 

pathological sign shows up.  

III. Cognitive decline associated with high-fat diet intake is partially preventable 

with neonatal leptin supplementation. Leptin supplementation during lactation 

prevents from alteration in working memory when rodents are fed high-fat diet in 

the adulthood. Even these animals display similar expression patterns to their 

counterparts who did not receive leptin during the suckling period they show up a 

down-regulation of Psen1 expression in hippocampus and a partial recovery of Syn1 

levels in PBMC. The recovery of insulin sensitivity of these animals could be a 

plausible mechanism explaining the lower susceptibility to cognitive impairment.  

IV. Syn1 gene expression analysis in PBMC arises as a robust early biomarker of 

cognitive impairment. Syn1 is a gene involved in neurotransmitter release whose 

reduced expression has been related to a synaptic dysfunction. MONW phenotype 

established both at younger and later ages is associated with a decreased expression 

of Syn1 in hippocampus which is reflected in PBMC from the first month of dietary 

intervention. Moreover, Syn1 gene expression in PBMC is restored after neonatal 

leptin supplementation which raises Syn1 as a dual biomarker of cognitive function. 
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V. PBMC gene expression response to fasting could be an interesting tool to 

analyse metabolic flexibility in humans which would not be exclusively defined 

by differences in BMI. Metabolic flexibility determined through the gene 

expression response to fasting of key homeostatic genes in human PBMC does not 

only depends on BMI, evidencing the need to deepen in the analysis of other 

features such as fat mass distribution to explain such response.  

VI. Human PBMC in vitro system is a good tool to analyse the effects of food 

bioactive compounds. Human PBMC maintained in vitro are able to respond to n-

3 LCPUFA and ATRA administration showing up the expected gene expression 

profile described for key metabolic tissues. Therefore, this system would be useful 

as a first step to test the efficacy and safety of other food bioactive compounds thus 

promoting functional food development.  

VII. PBMC gene expression response to food bioactive compounds evidences the 

insensitivity to nutritional stimuli associated with obesity and other metabolic 

syndrome features. High BMI and HDL levels determine the response of PBMC 

to food bioactive compounds. This is evidenced by the steady expression of TNFa, 

IL6 and SLC27A2 after n-3 LCPUFA administration and of RARα, RXRα and FASN 

after ATRA administration in PBMC from overweight/obese subjects. HDL levels 

are also a key parameter to take into consideration since they define CPT1A 

response to ATRA.  

 

 

 

 



 

	 	 	
- 168 - 



 

	
- 169 - 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

7. REFERENCES 



Margalida Cifre. Doctoral thesis 

	 	 	
- 170 - 

7. REFERENCES 

Akamine, R., Yamamoto, T., Watanabe, M., Yamazaki, N., Kataoka, M., Ishikawa, M., 

Ooie, T., Baba, Y., and Shinohara, Y. (2007). Usefulness of the 5' region of the cDNA 

encoding acidic ribosomal phosphoprotein P0 conserved among rats, mice, and humans 

as a standard probe for gene expression analysis in different tissues and animal species. J 

Biochem Biophys Methods 70, 481-486. 

Albert, M.S., and Blacker, D. (2006). Mild cognitive impairment and dementia. Annu 

Rev Clin Psychol 2, 379-388. 

Altman, J., and Bayer, S.A. (1990). Migration and distribution of two populations of 

hippocampal granule cell precursors during the perinatal and postnatal periods. J Comp 

Neurol 301, 365-381. 

Amengual, J., Petrov, P., Bonet, M.L., Ribot, J., and Palou, A. (2012). Induction of 

carnitine palmitoyl transferase 1 and fatty acid oxidation by retinoic acid in HepG2 cells. 

Int J Biochem Cell Biol 44, 2019-2027. 

Amengual, J., Ribot, J., Bonet, M.L., and Palou, A. (2010). Retinoic acid treatment 

enhances lipid oxidation and inhibits lipid biosynthesis capacities in the liver of mice. 

Cell Physiol Biochem 25, 657-666. 

American Psychiatric Association, Diagnostic and Statistical Manual of Mental 

Disorders, Fourth Edition, Text Revision (DSM-IV-TR) (2000). Washington, DC. 

American Psychiatric Association 

Amor, S., Puentes, F., Baker, D., and van der Valk, P. (2010). Inflammation in 

neurodegenerative diseases. Immunology 129, 154-169. 

Anand, K.S., and Dhikav, V. (2012). Hippocampus in health and disease: An overview. 

Ann Indian Acad Neurol 15, 239-246. 

Arnold, S.E., Lucki, I., Brookshire, B.R., Carlson, G.C., Browne, C.A., Kazi, H., Bang, 

S., Choi, B.R., Chen, Y., McMullen, M.F., et al. (2014). High fat diet produces brain 

insulin resistance, synaptodendritic abnormalities and altered behavior in mice. Neurobiol 

Dis 67, 79-87. 

Arpon, A., Riezu-Boj, J.I., Milagro, F.I., Razquin, C., Martinez-Gonzalez, M.A., Corella, 

D., Estruch, R., Casas, R., Fito, M., Ros, E., et al. (2017). Adherence to Mediterranean 

diet is associated with methylation changes in inflammation-related genes in peripheral 

blood cells. J Physiol Biochem. 



References 

	
- 171 - 

Asaumi, M., Iijima, K., Sumioka, A., Iijima-Ando, K., Kirino, Y., Nakaya, T., and 

Suzuki, T. (2005). Interaction of N-terminal acetyltransferase with the cytoplasmic 

domain of beta-amyloid precursor protein and its effect on A beta secretion. J Biochem 

137, 147-155. 

Astrup, A. (2001). The role of dietary fat in the prevention and treatment of obesity. 

Efficacy and safety of low-fat diets. Int J Obes Relat Metab Disord 25 Suppl 1, S46-50. 

Aziz, H., Zaas, A., and Ginsburg, G.S. (2007). Peripheral blood gene expression profiling 

for cardiovascular disease assessment. Genomic Med 1, 105-112. 

Baechler, E.C., Batliwalla, F.M., Karypis, G., Gaffney, P.M., Ortmann, W.A., Espe, K.J., 

Shark, K.B., Grande, W.J., Hughes, K.M., Kapur, V., et al. (2003). Interferon-inducible 

gene expression signature in peripheral blood cells of patients with severe lupus. Proc 

Natl Acad Sci U S A 100, 2610-2615. 

Baker, D.H. (2008). Animal models in nutrition research. J Nutr 138, 391-396. 

Baker, L.D., Cross, D.J., Minoshima, S., Belongia, D., Watson, G.S., and Craft, S. (2011). 

Insulin resistance and Alzheimer-like reductions in regional cerebral glucose metabolism 

for cognitively normal adults with prediabetes or early type 2 diabetes. Arch Neurol 68, 

51-57. 

Bakker, G.C., van Erk, M.J., Pellis, L., Wopereis, S., Rubingh, C.M., Cnubben, N.H., 

Kooistra, T., van Ommen, B., and Hendriks, H.F. (2010). An antiinflammatory dietary 

mix modulates inflammation and oxidative and metabolic stress in overweight men: a 

nutrigenomics approach. Am J Clin Nutr 91, 1044-1059. 

Balk, E.M., Lichtenstein, A.H., Chung, M., Kupelnick, B., Chew, P., and Lau, J. (2006). 

Effects of omega-3 fatty acids on serum markers of cardiovascular disease risk: a 

systematic review. Atherosclerosis 189, 19-30. 

Baranova, A., Collantes, R., Gowder, S.J., Elariny, H., Schlauch, K., Younoszai, A., 

King, S., Randhawa, M., Pusulury, S., Alsheddi, T., et al. (2005). Obesity-related 

differential gene expression in the visceral adipose tissue. Obes Surg 15, 758-765. 

Barnes, M.G., Aronow, B.J., Luyrink, L.K., Moroldo, M.B., Pavlidis, P., Passo, M.H., 

Grom, A.A., Hirsch, R., Giannini, E.H., Colbert, R.A., et al. (2004). Gene expression in 

juvenile arthritis and spondyloarthropathy: pro-angiogenic ELR+ chemokine genes relate 

to course of arthritis. Rheumatology (Oxford) 43, 973-979. 

Bastard, J.P., Maachi, M., Lagathu, C., Kim, M.J., Caron, M., Vidal, H., Capeau, J., and 

Feve, B. (2006). Recent advances in the relationship between obesity, inflammation, and 

insulin resistance. Eur Cytokine Netw 17, 4-12. 



Margalida Cifre. Doctoral thesis 

	 	 	
- 172 - 

Bel-Serrat, S., Mouratidou, T., Huybrechts, I., Labayen, I., Cuenca-García, M., Palacios, 

G., Breidenassel, C., Molnár, D., Roccaldo, R., Widhalm, K., et al. (2014). Associations 

between macronutrient intake and serum lipid profile depend on body fat in European 

adolescents: the Healthy Lifestyle in Europe by Nutrition in Adolescence (HELENA) 

study. Br J Nutr 112, 2049-2059. 

Benedict, C., Brooks, S.J., Kullberg, J., Burgos, J., Kempton, M.J., Nordenskjöld, R., 

Nylander, R., Kilander, L., Craft, S., Larsson, E.M., et al. (2012). Impaired insulin 

sensitivity as indexed by the HOMA score is associated with deficits in verbal fluency 

and temporal lobe gray matter volume in the elderly. Diabetes Care 35, 488-494. 

Bennett, L., Palucka, A.K., Arce, E., Cantrell, V., Borvak, J., Banchereau, J., and Pascual, 

V. (2003). Interferon and granulopoiesis signatures in systemic lupus erythematosus 

blood. J Exp Med 197, 711-723. 

Berry, D.C., and Noy, N. (2009). All-trans-retinoic acid represses obesity and insulin 

resistance by activating both peroxisome proliferation-activated receptor beta/delta and 

retinoic acid receptor. Mol Cell Biol 29, 3286-3296. 

Biesalski, H.K., Dragsted, L.O., Elmadfa, I., Grossklaus, R., Muller, M., Schrenk, D., 

Walter, P., and Weber, P. (2009). Bioactive compounds: definition and assessment of 

activity. Nutrition 25, 1202-1205. 

Biomarkers Definitions Working, G. (2001). Biomarkers and surrogate endpoints: 

preferred definitions and conceptual framework. Clin Pharmacol Ther 69, 89-95. 

Blake, G.J., and Ridker, P.M. (2002). Inflammatory bio-markers and cardiovascular risk 

prediction. J Intern Med 252, 283-294. 

Bo, S., Menato, G., Lezo, A., Signorile, A., Bardelli, C., De Michieli, F., Massobrio, M., 

and Pagano, G. (2001). Dietary fat and gestational hyperglycaemia. Diabetologia 44, 972-

978. 

Bomprezzi, R., Ringner, M., Kim, S., Bittner, M.L., Khan, J., Chen, Y., Elkahloun, A., 

Yu, A., Bielekova, B., Meltzer, P.S., et al. (2003a). Gene expression profile in multiple 

sclerosis patients and healthy controls: identifying pathways relevant to disease. Hum 

Mol Genet 12, 2191-2199. 

Bomprezzi, R., Ringnér, M., Kim, S., Bittner, M.L., Khan, J., Chen, Y., Elkahloun, A., 

Yu, A., Bielekova, B., Meltzer, P.S., et al. (2003b). Gene expression profile in multiple 

sclerosis patients and healthy controls: identifying pathways relevant to disease. Hum 

Mol Genet 12, 2191-2199. 



References 

	
- 173 - 

Bonet, M.L., Puigserver, P., Serra, F., Ribot, J., Vázquez, F., Pico, C., and Palou, A. 

(1997). Retinoic acid modulates retinoid X receptor alpha and retinoic acid receptor alpha 

levels of cultured brown adipocytes. FEBS Lett 406, 196-200. 

Bonet, M.L., Ribot, J., and Palou, A. (2012). Lipid metabolism in mammalian tissues and 

its control by retinoic acid. Biochim Biophys Acta 1821, 177-189. 

Bonfanti, L., and Peretto, P. (2011). Adult neurogenesis in mammals--a theme with many 

variations. Eur J Neurosci 34, 930-950. 

Bouwens, M., Afman, L.A., and Müller, M. (2007). Fasting induces changes in peripheral 

blood mononuclear cell gene expression profiles related to increases in fatty acid beta-

oxidation: functional role of peroxisome proliferator activated receptor alpha in human 

peripheral blood mononuclear cells. Am J Clin Nutr 86, 1515-1523. 

Bouwens, M., Grootte Bromhaar, M., Jansen, J., Müller, M., and Afman, L.A. (2010). 

Postprandial dietary lipid-specific effects on human peripheral blood mononuclear cell 

gene expression profiles. Am J Clin Nutr 91, 208-217. 

Bouwens, M., van de Rest, O., Dellschaft, N., Bromhaar, M.G., de Groot, L.C., Geleijnse, 

J.M., Müller, M., and Afman, L.A. (2009). Fish-oil supplementation induces 

antiinflammatory gene expression profiles in human blood mononuclear cells. Am J Clin 

Nutr 90, 415-424. 

Bray, G.A., and Bellanger, T. (2006). Epidemiology, trends, and morbidities of obesity 

and the metabolic syndrome. Endocrine 29, 109-117. 

Bruckert, E., and Hansel, B. (2007). HDL-c is a powerful lipid predictor of cardiovascular 

diseases. Int J Clin Pract 61, 1905-1913. 

Bruehl, H., Wolf, O.T., Sweat, V., Tirsi, A., Richardson, S., and Convit, A. (2009). 

Modifiers of cognitive function and brain structure in middle-aged and elderly individuals 

with type 2 diabetes mellitus. Brain Res 1280, 186-194. 

Caimari, A., Oliver, P., Keijer, J., and Palou, A. (2010a). Peripheral blood mononuclear 

cells as a model to study the response of energy homeostasis-related genes to acute 

changes in feeding conditions. OMICS 14, 129-141. 

Caimari, A., Oliver, P., and Palou, A. (2007). Regulation of adiponutrin expression by 

feeding conditions in rats is altered in the obese state. Obesity (Silver Spring) 15, 591-

599. 

Caimari, A., Oliver, P., and Palou, A. (2012). Adipose triglyceride lipase expression and 

fasting regulation are differently affected by cold exposure in adipose tissues of lean and 

obese Zucker rats. The Journal of nutritional biochemistry 23, 1041-1050. 



Margalida Cifre. Doctoral thesis 

	 	 	
- 174 - 

Caimari, A., Oliver, P., Rodenburg, W., Keijer, J., and Palou, A. (2010b). Feeding 

conditions control the expression of genes involved in sterol metabolism in peripheral 

blood mononuclear cells of normoweight and diet-induced (cafeteria) obese rats. J Nutr 

Biochem 21, 1127-1133. 

Caimari, A., Oliver, P., Rodenburg, W., Keijer, J., and Palou, A. (2010c). Slc27a2 

expression in peripheral blood mononuclear cells as a molecular marker for overweight 

development. Int J Obes (Lond) 34, 831-839. 

Campbell, A. (2004). Inflammation, neurodegenerative diseases, and environmental 

exposures. Ann N Y Acad Sci 1035, 117-132. 

Carroll, J.M., McElwee, K.J., L, E.K., Byrne, M.C., and Sundberg, J.P. (2002). Gene 

array profiling and immunomodulation studies define a cell-mediated immune response 

underlying the pathogenesis of alopecia areata in a mouse model and humans. J Invest 

Dermatol 119, 392-402. 

Carvalheira, J.B., Siloto, R.M., Ignacchitti, I., Brenelli, S.L., Carvalho, C.R., Leite, A., 

Velloso, L.A., Gontijo, J.A., and Saad, M.J. (2001). Insulin modulates leptin-induced 

STAT3 activation in rat hypothalamus. FEBS Lett 500, 119-124. 

Castelli, W.P., Garrison, R.J., Wilson, P.W., Abbott, R.D., Kalousdian, S., and Kannel, 

W.B. (1986). Incidence of coronary heart disease and lipoprotein cholesterol levels. The 

Framingham Study. JAMA 256, 2835-2838. 

Castro, H., Pomar, C.A., Pico, C., Sanchez, J., and Palou, A. (2015). Cafeteria diet 

overfeeding in young male rats impairs the adaptive response to fed/fasted conditions and 

increases adiposity independent of body weight. Int J Obes (Lond) 39, 430-437. 

Castrén, E., Berninger, B., Leingärtner, A., and Lindholm, D. (1998). Regulation of brain-

derived neurotrophic factor mRNA levels in hippocampus by neuronal activity. Prog 

Brain Res 117, 57-64. 

Caterson, I.D., and Gill, T.P. (2002). Obesity: epidemiology and possible prevention. 

Best Pract Res Clin Endocrinol Metab 16, 595-610. 

Caudle, W.M., Bammler, T.K., Lin, Y., Pan, S., and Zhang, J. (2010). Using 'omics' to 

define pathogenesis and biomarkers of Parkinson's disease. Expert Rev Neurother 10, 

925-942. 

Cedazo-Minguez, A., and Winblad, B. (2010). Biomarkers for Alzheimer's disease and 

other forms of dementia: clinical needs, limitations and future aspects. Exp Gerontol 45, 

5-14. 



References 

	
- 175 - 

Choi, J., Se-Young, O., Lee, D., Tak, S., Hong, M., Park, S.M., Cho, B., and Park, M. 

(2012). Characteristics of diet patterns in metabolically obese, normal weight adults 

(Korean National Health and Nutrition Examination Survey III, 2005). Nutr Metab 

Cardiovasc Dis 22, 567-574. 

Chon, H., Gaillard, C.A., van der Meijden, B.B., Dijstelbloem, H.M., Kraaijenhagen, 

R.J., van Leenen, D., Holstege, F.C., Joles, J.A., Bluyssen, H.A., Koomans, H.A., et al. 

(2004). Broadly altered gene expression in blood leukocytes in essential hypertension is 

absent during treatment. Hypertension 43, 947-951. 

Chytil, F. (1986). Retinoic acid: biochemistry and metabolism. J Am Acad Dermatol 15, 

741-747. 

Colella, S., Shen, L., Baggerly, K.A., Issa, J.P., and Krahe, R. (2003). Sensitive and 

quantitative universal Pyrosequencing methylation analysis of CpG sites. Biotechniques 

35, 146-150. 

Conus, F., Allison, D.B., Rabasa-Lhoret, R., St-Onge, M., St-Pierre, D.H., Tremblay-

Lebeau, A., and Poehlman, E.T. (2004). Metabolic and behavioral characteristics of 

metabolically obese but normal-weight women. J Clin Endocrinol Metab 89, 5013-5020. 

Conus, F., Rabasa-Lhoret, R., and Peronnet, F. (2007). Characteristics of metabolically 

obese normal-weight (MONW) subjects. Appl Physiol Nutr Metab 32, 4-12. 

Costa-Pinheiro, P., Montezuma, D., Henrique, R., and Jeronimo, C. (2015). Diagnostic 

and prognostic epigenetic biomarkers in cancer. Epigenomics 7, 1003-1015. 

Couce, M.E., Burguera, B., Parisi, J.E., Jensen, M.D., and Lloyd, R.V. (1997). 

Localization of leptin receptor in the human brain. Neuroendocrinology 66, 145-150. 

Craft, S. (2006). Insulin resistance syndrome and Alzheimer disease: pathophysiologic 

mechanisms and therapeutic implications. Alzheimer Dis Assoc Disord 20, 298-301. 

Craft, S. (2007). Insulin resistance and Alzheimer's disease pathogenesis: potential 

mechanisms and implications for treatment. Curr Alzheimer Res 4, 147-152. 

Craft, S. (2009). The role of metabolic disorders in Alzheimer disease and vascular 

dementia: two roads converged. Arch Neurol 66, 300-305. 

d'Ettorre, G., Zaffiri, L., Ceccarelli, G., Mastroianni, C.M., and Vullo, V. (2010). The role 

of HIV-DNA testing in clinical practice. New Microbiol 33, 1-11. 

Damiao, R., Castro, T.G., Cardoso, M.A., Gimeno, S.G., Ferreira, S.R., and Japanese-

Brazilian Diabetes Study, G. (2006). Dietary intakes associated with metabolic syndrome 

in a cohort of Japanese ancestry. Br J Nutr 96, 532-538. 



Margalida Cifre. Doctoral thesis 

	 	 	
- 176 - 

Damsgaard, C.T., Lauritzen, L., Calder, P.C., Kjaer, T.M., and Frøkiaer, H. (2009). 

Whole-blood culture is a valid low-cost method to measure monocytic cytokines - a 

comparison of cytokine production in cultures of human whole-blood, mononuclear cells 

and monocytes. J Immunol Methods 340, 95-101. 

Dandona, P., Aljada, A., and Bandyopadhyay, A. (2004). Inflammation: the link between 

insulin resistance, obesity and diabetes. Trends Immunol 25, 4-7. 

Dandona, P., Aljada, A., Mohanty, P., Ghanim, H., Hamouda, W., Assian, E., and Ahmad, 

S. (2001). Insulin inhibits intranuclear nuclear factor kappaB and stimulates IkappaB in 

mononuclear cells in obese subjects: evidence for an anti-inflammatory effect? J Clin 

Endocrinol Metab 86, 3257-3265. 

Danielsson, A., Fagerholm, S., Ost, A., Franck, N., Kjolhede, P., Nystrom, F.H., and 

Stralfors, P. (2009). Short-term overeating induces insulin resistance in fat cells in lean 

human subjects. Mol Med 15, 228-234. 

de la Monte, S.M., Tong, M., Lester-Coll, N., Plater, M., Jr., and Wands, J.R. (2006). 

Therapeutic rescue of neurodegeneration in experimental type 3 diabetes: relevance to 

Alzheimer's disease. J Alzheimers Dis 10, 89-109. 

De Lorenzo, A., Bianchi, A., Maroni, P., Iannarelli, A., Di Daniele, N., Iacopino, L., and 

Di Renzo, L. (2013). Adiposity rather than BMI determines metabolic risk. Int J Cardiol 

166, 111-117. 

De Lorenzo, A., Del Gobbo, V., Premrov, M.G., Bigioni, M., Galvano, F., and Di Renzo, 

L. (2007). Normal-weight obese syndrome: early inflammation? Am J Clin Nutr 85, 40-

45. 

de Mello, V.D., Erkkilä, A.T., Schwab, U.S., Pulkkinen, L., Kolehmainen, M., Atalay, 

M., Mussalo, H., Lankinen, M., Oresic, M., Lehto, S., et al. (2009). The effect of fatty or 

lean fish intake on inflammatory gene expression in peripheral blood mononuclear cells 

of patients with coronary heart disease. Eur J Nutr 48, 447-455. 

de Mello, V.D., Kolehmanien, M., Schwab, U., Pulkkinen, L., and Uusitupa, M. (2012). 

Gene expression of peripheral blood mononuclear cells as a tool in dietary intervention 

studies: What do we know so far? Mol Nutr Food Res 56, 1160-1172. 

de Pascual-Teresa, S., Johnston, K.L., DuPont, M.S., O'Leary, K.A., Needs, P.W., 

Morgan, L.M., Clifford, M.N., Bao, Y., and Williamson, G. (2004). Quercetin 

metabolites downregulate cyclooxygenase-2 transcription in human lymphocytes ex vivo 

but not in vivo. J Nutr 134, 552-557. 



References 

	
- 177 - 

De Souza, C.T., Araujo, E.P., Bordin, S., Ashimine, R., Zollner, R.L., Boschero, A.C., 

Saad, M.J., and Velloso, L.A. (2005). Consumption of a fat-rich diet activates a 

proinflammatory response and induces insulin resistance in the hypothalamus. 

Endocrinology 146, 4192-4199. 

de Souza Valente da Silva, L., Valeria da Veiga, G., and Ramalho, R.A. (2007). 

Association of serum concentrations of retinol and carotenoids with overweight in 

children and adolescents. Nutrition 23, 392-397. 

De Strooper, B., Saftig, P., Craessaerts, K., Vanderstichele, H., Guhde, G., Annaert, W., 

Von Figura, K., and Van Leuven, F. (1998). Deficiency of presenilin-1 inhibits the normal 

cleavage of amyloid precursor protein. Nature 391, 387-390. 

de Vos, S., Brach, M., Budnik, A., Grewe, M., Herrmann, F., and Krutmann, J. (1994). 

Post-transcriptional regulation of interleukin-6 gene expression in human keratinocytes 

by ultraviolet B radiation. J Invest Dermatol 103, 92-96. 

Deacon, R.M., and Rawlins, J.N. (2006). T-maze alternation in the rodent. Nat Protoc 1, 

7-12. 

Deckelbaum, R.J., Worgall, T.S., and Seo, T. (2006). n-3 fatty acids and gene expression. 

Am J Clin Nutr 83, 1520S-1525S. 

Delves, P., Martin, S., Burton, D., and Roitt, I. (2006). Roitt's Essential Immunology, 

11th edn (Oxford). 

Dentin, R., Benhamed, F., Pégorier, J.P., Foufelle, F., Viollet, B., Vaulont, S., Girard, J., 

and Postic, C. (2005). Polyunsaturated fatty acids suppress glycolytic and lipogenic genes 

through the inhibition of ChREBP nuclear protein translocation. J Clin Invest 115, 2843-

2854. 

DePrimo, S.E., Wong, L.M., Khatry, D.B., Nicholas, S.L., Manning, W.C., Smolich, 

B.D., O'Farrell, A.M., and Cherrington, J.M. (2003). Expression profiling of blood 

samples from an SU5416 Phase III metastatic colorectal cancer clinical trial: a novel 

strategy for biomarker identification. BMC Cancer 3, 3. 

Despres, J.P. (2012). Body fat distribution and risk of cardiovascular disease: an update. 

Circulation 126, 1301-1313. 

Dheda, K., Huggett, J.F., Bustin, S.A., Johnson, M.A., Rook, G., and Zumla, A. (2004). 

Validation of housekeeping genes for normalizing RNA expression in real-time PCR. 

Biotechniques 37, 112-114, 116, 118-119. 

Diethelm, K., Huybrechts, I., Moreno, L., De Henauw, S., Manios, Y., Beghin, L., 

Gonzalez-Gross, M., Le Donne, C., Cuenca-Garcia, M., Castillo, M.J., et al. (2014). 



Margalida Cifre. Doctoral thesis 

	 	 	
- 178 - 

Nutrient intake of European adolescents: results of the HELENA (Healthy Lifestyle in 

Europe by Nutrition in Adolescence) Study. Public Health Nutr 17, 486-497. 

Dudchenko, P.A. (2004). An overview of the tasks used to test working memory in 

rodents. Neurosci Biobehav Rev 28, 699-709. 

Dvorak, R.V., DeNino, W.F., Ades, P.A., and Poehlman, E.T. (1999). Phenotypic 

characteristics associated with insulin resistance in metabolically obese but normal-

weight young women. Diabetes 48, 2210-2214. 

Díaz-Rúa, R., Keijer, J., Caimari, A., van Schothorst, E.M., Palou, A., and Oliver, P. 

(2015). Peripheral blood mononuclear cells as a source to detect markers of homeostatic 

alterations caused by the intake of diets with an unbalanced macronutrient composition. 

J Nutr Biochem 26, 398-407. 

Díaz-Rúa, R., Palou, A., and Oliver, P. (2016). Cpt1a gene expression in peripheral blood 

mononuclear cells as an early biomarker of diet-related metabolic alterations. Food Nutr 

Res 60, 33554. 

Eisinger, K., Liebisch, G., Schmitz, G., Aslanidis, C., Krautbauer, S., and Buechler, C. 

(2014). Lipidomic analysis of serum from high fat diet induced obese mice. Int J Mol Sci 

15, 2991-3002. 

Elias, M.F., Elias, P.K., Sullivan, L.M., Wolf, P.A., and D'Agostino, R.B. (2003). Lower 

cognitive function in the presence of obesity and hypertension: the Framingham heart 

study. Int J Obes Relat Metab Disord 27, 260-268. 

Erol, A. (2008). An integrated and unifying hypothesis for the metabolic basis of sporadic 

Alzheimer's disease. J Alzheimers Dis 13, 241-253. 

Ertugrul, D.T., Karadag, A.S., Tutal, E., and Akin, K.O. (2011). Isotretinoin does not 

induce insulin resistance in patients with acne. Clin Exp Dermatol 36, 124-128. 

Eskelinen, M.H., Ngandu, T., Helkala, E.L., Tuomilehto, J., Nissinen, A., Soininen, H., 

and Kivipelto, M. (2008). Fat intake at midlife and cognitive impairment later in life: a 

population-based CAIDE study. Int J Geriatr Psychiatry 23, 741-747. 

Fabian, C.J., Kimler, B.F., and Hursting, S.D. (2015). Omega-3 fatty acids for breast 

cancer prevention and survivorship. Breast Cancer Res 17, 62. 

FDA Guidance for industry: Alzheimer’s disease: developing drugs for the treatment of 

early stage disease (2013). Washington, DC: Center for Drug Evaluation and Research. 

Available from:  

http://www.fda.gov/downloads/Drugs/GuidanceComplianceRegulatoryInformation/Gui

dances/UCM338287.pdf 



References 

	
- 179 - 

 

Fehlbaum-Beurdeley, P., Jarrige-Le Prado, A.C., Pallares, D., Carriere, J., Guihal, C., 

Soucaille, C., Rouet, F., Drouin, D., Sol, O., Jordan, H., et al. (2010). Toward an 

Alzheimer's disease diagnosis via high-resolution blood gene expression. Alzheimers 

Dement 6, 25-38. 

Felipe, F., Bonet, M.L., Ribot, J., and Palou, A. (2004). Modulation of resistin expression 

by retinoic acid and vitamin A status. Diabetes 53, 882-889. 

Ferri, N., Paoletti, R., and Corsini, A. (2006). Biomarkers for atherosclerosis: 

pathophysiological role and pharmacological modulation. Curr Opin Lipidol 17, 495-501. 

Flachs, P., Horakova, O., Brauner, P., Rossmeisl, M., Pecina, P., Franssen-van Hal, N., 

Ruzickova, J., Sponarova, J., Drahota, Z., Vlcek, C., et al. (2005). Polyunsaturated fatty 

acids of marine origin upregulate mitochondrial biogenesis and induce beta-oxidation in 

white fat. Diabetologia 48, 2365-2375. 

FOLCH, J., LEES, M., and SLOANE STANLEY, G.H. (1957). A simple method for the 

isolation and purification of total lipides from animal tissues. J Biol Chem 226, 497-509. 

Folsom, A.R., Ma, J., McGovern, P.G., and Eckfeldt, H. (1996). Relation between plasma 

phospholipid saturated fatty acids and hyperinsulinemia. Metabolism 45, 223-228. 

Ford, E.S., Giles, W.H., and Dietz, W.H. (2002). Prevalence of the metabolic syndrome 

among US adults: findings from the third National Health and Nutrition Examination 

Survey. JAMA 287, 356-359. 

Fraser, G.E. (1999). Associations between diet and cancer, ischemic heart disease, and 

all-cause mortality in non-Hispanic white California Seventh-day Adventists. Am J Clin 

Nutr 70, 532S-538S. 

Freedland, E.S. (2004). Role of a critical visceral adipose tissue threshold (CVATT) in 

metabolic syndrome: implications for controlling dietary carbohydrates: a review. Nutr 

Metab (Lond) 1, 12. 

Frijters, R., van Vugt, M., Smeets, R., van Schaik, R., de Vlieg, J., and Alkema, W. 

(2010). Literature mining for the discovery of hidden connections between drugs, genes 

and diseases. PLoS Comput Biol 6. 

Galgani, J., and Ravussin, E. (2008). Energy metabolism, fuel selection and body weight 

regulation. Int J Obes (Lond) 32 Suppl 7, S109-119. 

Ganapathi, S.K., Beggs, A.D., Hodgson, S.V., and Kumar, D. (2014). Expression and 

DNA methylation of TNF, IFNG and FOXP3 in colorectal cancer and their prognostic 

significance. Br J Cancer 111, 1581-1589. 



Margalida Cifre. Doctoral thesis 

	 	 	
- 180 - 

Gangwani, L., Mikrut, M., Galcheva-Gargova, Z., and Davis, R.J. (1998). Interaction of 

ZPR1 with translation elongation factor-1alpha in proliferating cells. J Cell Biol 143, 

1471-1484. 

Garcia, A.P., Palou, M., Priego, T., Sanchez, J., Palou, A., and Pico, C. (2010). Moderate 

caloric restriction during gestation results in lower arcuate nucleus NPY- and alphaMSH-

neurons and impairs hypothalamic response to fed/fasting conditions in weaned rats. 

Diabetes Obes Metab 12, 403-413. 

Gemma, C., and Bickford, P.C. (2007). Interleukin-1beta and caspase-1: players in the 

regulation of age-related cognitive dysfunction. Rev Neurosci 18, 137-148. 

Genco, R.J., Grossi, S.G., Ho, A., Nishimura, F., and Murayama, Y. (2005). A proposed 

model linking inflammation to obesity, diabetes, and periodontal infections. J Periodontol 

76, 2075-2084. 

Gladkevich, A., Kauffman, H.F., and Korf, J. (2004). Lymphocytes as a neural probe: 

potential for studying psychiatric disorders. Prog Neuropsychopharmacol Biol Psychiatry 

28, 559-576. 

Goldstein, S., Blecher, M., Binder, R., Perrino, P.V., and Recant, L. (1975). Hormone 

receptors, 5. Binding of glucagon and insulin to human circulating mononuclear cells in 

diabetes mellitus. Endocr Res Commun 2, 367-376. 

González, F., Minium, J., Rote, N.S., and Kirwan, J.P. (2006). Altered tumor necrosis 

factor alpha release from mononuclear cells of obese reproductive-age women during 

hyperglycemia. Metabolism 55, 271-276. 

González, F., Rote, N.S., Minium, J., O'leary, V.B., and Kirwan, J.P. (2007). Obese 

reproductive-age women exhibit a proatherogenic inflammatory response during 

hyperglycemia. Obesity (Silver Spring) 15, 2436-2444. 

Goodpaster, B.H., Krishnaswami, S., Harris, T.B., Katsiaras, A., Kritchevsky, S.B., 

Simonsick, E.M., Nevitt, M., Holvoet, P., and Newman, A.B. (2005). Obesity, regional 

body fat distribution, and the metabolic syndrome in older men and women. Arch Intern 

Med 165, 777-783. 

Greenwood, C.E., and Winocur, G. (1990). Learning and memory impairment in rats fed 

a high saturated fat diet. Behav Neural Biol 53, 74-87. 

Gómez-Touriño, I., Sánchez-Espinel, C., Hernández-Fernández, A., González-

Fernández, A., Pena-González, E., Rodríguez, J., García-López, J.M., and Varela-

Calvino, R. (2011). Galectin-1 synthesis in type 1 diabetes by different immune cell types: 

reduced synthesis by monocytes and Th1 cells. Cell Immunol 271, 319-328. 



References 

	
- 181 - 

Haan, M.N. (2006). Therapy Insight: type 2 diabetes mellitus and the risk of late-onset 

Alzheimer's disease. Nat Clin Pract Neurol 2, 159-166. 

Harvey, J., Solovyova, N., and Irving, A. (2006). Leptin and its role in hippocampal 

synaptic plasticity. Prog Lipid Res 45, 369-378. 

Hasler, C.M. (2002). Functional foods: benefits, concerns and challenges-a position paper 

from the american council on science and health. J Nutr 132, 3772-3781. 

Hirsch, D., Stahl, A., and Lodish, H.F. (1998). A family of fatty acid transporters 

conserved from mycobacterium to man. Proc Natl Acad Sci U S A 95, 8625-8629. 

Hofmann, T., Klenow, S., Borowicki, A., Gill, C.I., Pool-Zobel, B.L., and Glei, M. 

(2010). Gene expression profiles in human peripheral blood mononuclear cells as 

biomarkers for nutritional in vitro and in vivo investigations. Genes Nutr 5, 309-319. 

Hopkins, P.C. (2013). Neurodegeneration in a Drosophila model for the function of 

TMCC2, an amyloid protein precursor-interacting and apolipoprotein E-binding protein. 

PLoS One 8, e55810. 

Hotamisligil, G.S. (2006). Inflammation and metabolic disorders. Nature 444, 860-867. 

Hu, Z.Z., Huang, H., Wu, C.H., Jung, M., Dritschilo, A., Riegel, A.T., and Wellstein, A. 

(2011). Omics-based molecular target and biomarker identification. Methods Mol Biol 

719, 547-571. 

Huh, S.J., Paik, D.J., Chung, H.S., and Youn, J. (2003). Regulation of GRB2 and FLICE2 

expression by TNF-alpha in rheumatoid synovium. Immunol Lett 90, 93-96. 

Hye, A., Lynham, S., Thambisetty, M., Causevic, M., Campbell, J., Byers, H.L., Hooper, 

C., Rijsdijk, F., Tabrizi, S.J., Banner, S., et al. (2006). Proteome-based plasma biomarkers 

for Alzheimer's disease. Brain 129, 3042-3050. 

Ikemoto, S., Takahashi, M., Tsunoda, N., Maruyama, K., Itakura, H., and Ezaki, O. 

(1996). High-fat diet-induced hyperglycemia and obesity in mice: differential effects of 

dietary oils. Metabolism 45, 1539-1546. 

Isaacs, E.B., Fischl, B.R., Quinn, B.T., Chong, W.K., Gadian, D.G., and Lucas, A. (2010). 

Impact of breast milk on intelligence quotient, brain size, and white matter development. 

Pediatr Res 67, 357-362. 

Iso, H., Rexrode, K.M., Stampfer, M.J., Manson, J.E., Colditz, G.A., Speizer, F.E., 

Hennekens, C.H., and Willett, W.C. (2001). Intake of fish and omega-3 fatty acids and 

risk of stroke in women. JAMA 285, 304-312. 

Itariu, B.K., Zeyda, M., Hochbrugger, E.E., Neuhofer, A., Prager, G., Schindler, K., 

Bohdjalian, A., Mascher, D., Vangala, S., Schranz, M., et al. (2012). Long-chain n-3 



Margalida Cifre. Doctoral thesis 

	 	 	
- 182 - 

PUFAs reduce adipose tissue and systemic inflammation in severely obese nondiabetic 

patients: a randomized controlled trial. Am J Clin Nutr 96, 1137-1149. 

Jack, C.R., Jr., Lowe, V.J., Weigand, S.D., Wiste, H.J., Senjem, M.L., Knopman, D.S., 

Shiung, M.M., Gunter, J.L., Boeve, B.F., Kemp, B.J., et al. (2009). Serial PIB and MRI 

in normal, mild cognitive impairment and Alzheimer's disease: implications for sequence 

of pathological events in Alzheimer's disease. Brain 132, 1355-1365. 

Jack, C.R., Petersen, R.C., Xu, Y., O'Brien, P.C., Smith, G.E., Ivnik, R.J., Boeve, B.F., 

Tangalos, E.G., and Kokmen, E. (2000). Rates of hippocampal atrophy correlate with 

change in clinical status in aging and AD. Neurology 55, 484-489. 

Janssen, I., Katzmarzyk, P.T., and Ross, R. (2004). Waist circumference and not body 

mass index explains obesity-related health risk. Am J Clin Nutr 79, 379-384. 

Japour, A.J., Mayers, D.L., Johnson, V.A., Kuritzkes, D.R., Beckett, L.A., Arduino, J.M., 

Lane, J., Black, R.J., Reichelderfer, P.S., and D'Aquila, R.T. (1993). Standardized 

peripheral blood mononuclear cell culture assay for determination of drug susceptibilities 

of clinical human immunodeficiency virus type 1 isolates. The RV-43 Study Group, the 

AIDS Clinical Trials Group Virology Committee Resistance Working Group. Antimicrob 

Agents Chemother 37, 1095-1101. 

Jason, J., Archibald, L.K., Nwanyanwu, O.C., Byrd, M.G., Kazembe, P.N., Dobbie, H., 

and Jarvis, W.R. (2001). Comparison of serum and cell-specific cytokines in humans. 

Clin Diagn Lab Immunol 8, 1097-1103. 

Jensen, M.D. (2008). Role of body fat distribution and the metabolic complications of 

obesity. J Clin Endocrinol Metab 93, S57-63. 

Jones, P.J. (2015). Inter-individual Variability in Response to Plant Sterol and Stanol 

Consumption. J AOAC Int 98, 724-728. 

Jovanovic, J.N., Czernik, A.J., Fienberg, A.A., Greengard, P., and Sihra, T.S. (2000). 

Synapsins as mediators of BDNF-enhanced neurotransmitter release. Nat Neurosci 3, 

323-329. 

Kalmijn, S. (2000). Fatty acid intake and the risk of dementia and cognitive decline: a 

review of clinical and epidemiological studies. J Nutr Health Aging 4, 202-207. 

Kalmijn, S., Launer, L.J., Ott, A., Witteman, J.C., Hofman, A., and Breteler, M.M. 

(1997). Dietary fat intake and the risk of incident dementia in the Rotterdam Study. Ann 

Neurol 42, 776-782. 

Kant, A.K. (2004). Dietary patterns and health outcomes. J Am Diet Assoc 104, 615-635. 



References 

	
- 183 - 

Kaput, J. (2008). Nutrigenomics research for personalized nutrition and medicine. Curr 

Opin Biotechnol 19, 110-120. 

Katsuki, A., Sumida, Y., Urakawa, H., Gabazza, E.C., Murashima, S., Maruyama, N., 

Morioka, K., Nakatani, K., Yano, Y., and Adachi, Y. (2003). Increased visceral fat and 

serum levels of triglyceride are associated with insulin resistance in Japanese 

metabolically obese, normal weight subjects with normal glucose tolerance. Diabetes 

Care 26, 2341-2344. 

Kelley, D.E., Thaete, F.L., Troost, F., Huwe, T., and Goodpaster, B.H. (2000). 

Subdivisions of subcutaneous abdominal adipose tissue and insulin resistance. Am J 

Physiol Endocrinol Metab 278, E941-948. 

Khymenets, O., Fito, M., Covas, M.I., Farre, M., Pujadas, M.A., Munoz, D., 

Konstantinidou, V., and de la Torre, R. (2009). Mononuclear cell transcriptome response 

after sustained virgin olive oil consumption in humans: an exploratory nutrigenomics 

study. OMICS 13, 7-19. 

Kim, H.J., Takahashi, M., and Ezaki, O. (1999). Fish oil feeding decreases mature sterol 

regulatory element-binding protein 1 (SREBP-1) by down-regulation of SREBP-1c 

mRNA in mouse liver. A possible mechanism for down-regulation of lipogenic enzyme 

mRNAs. J Biol Chem 274, 25892-25898. 

Kirchmeyer, M., Koufany, M., Sebillaud, S., Netter, P., Jouzeau, J.Y., and Bianchi, A. 

(2008). All-trans retinoic acid suppresses interleukin-6 expression in interleukin-1-

stimulated synovial fibroblasts by inhibition of ERK1/2 pathway independently of RAR 

activation. Arthritis Res Ther 10, R141. 

Koehl, M., and Abrous, D.N. (2011). A new chapter in the field of memory: adult 

hippocampal neurogenesis. Eur J Neurosci 33, 1101-1114. 

Koistinen, H.A., Remitz, A., Gylling, H., Miettinen, T.A., Koivisto, V.A., and Ebeling, 

P. (2001). Dyslipidemia and a reversible decrease in insulin sensitivity induced by therapy 

with 13-cis-retinoic acid. Diabetes Metab Res Rev 17, 391-395. 

Konieczna, J., Sánchez, J., Palou, M., Picó, C., and Palou, A. (2015). Blood cell 

transcriptomic-based early biomarkers of adverse programming effects of gestational 

calorie restriction and their reversibility by leptin supplementation. Sci Rep 5, 9088. 

Konieczna, J., Sánchez, J., van Schothorst, E.M., Torrens, J.M., Bunschoten, A., Palou, 

M., Picó, C., Keijer, J., and Palou, A. (2014). Identification of early transcriptome-based 

biomarkers related to lipid metabolism in peripheral blood mononuclear cells of rats 

nutritionally programmed for improved metabolic health. Genes Nutr 9, 366. 



Margalida Cifre. Doctoral thesis 

	 	 	
- 184 - 

Konstantinidou, V., Covas, M.I., Munoz-Aguayo, D., Khymenets, O., de la Torre, R., 

Saez, G., Tormos Mdel, C., Toledo, E., Marti, A., Ruiz-Gutierrez, V., et al. (2010). In 

vivo nutrigenomic effects of virgin olive oil polyphenols within the frame of the 

Mediterranean diet: a randomized controlled trial. FASEB J 24, 2546-2557. 

Konstantinidou, V., Khymenets, O., Fito, M., De La Torre, R., Anglada, R., Dopazo, A., 

and Covas, M.I. (2009). Characterization of human gene expression changes after olive 

oil ingestion: an exploratory approach. Folia Biol (Praha) 55, 85-91. 

Krammer, J., Digel, M., Ehehalt, F., Stremmel, W., Füllekrug, J., and Ehehalt, R. (2011). 

Overexpression of CD36 and acyl-CoA synthetases FATP2, FATP4 and ACSL1 

increases fatty acid uptake in human hepatoma cells. Int J Med Sci 8, 599-614. 

Kratz, M., Kuzma, J.N., Hagman, D.K., van Yserloo, B., Matthys, C.C., Callahan, H.S., 

and Weigle, D.S. (2013). n3 PUFAs do not affect adipose tissue inflammation in 

overweight to moderately obese men and women. J Nutr 143, 1340-1347. 

Kris-Etherton, P.M., Harris, W.S., Appel, L.J., and Committee, A.H.A.N. (2002). Fish 

consumption, fish oil, omega-3 fatty acids, and cardiovascular disease. Circulation 106, 

2747-2757. 

Kussmann, M., Raymond, F., and Affolter, M. (2006). OMICS-driven biomarker 

discovery in nutrition and health. J Biotechnol 124, 758-787. 

Kwok, S.K., Park, M.K., Cho, M.L., Oh, H.J., Park, E.M., Lee, D.G., Lee, J., Kim, H.Y., 

and Park, S.H. (2012). Retinoic acid attenuates rheumatoid inflammation in mice. J 

Immunol 189, 1062-1071. 

Labayen, I., Ruiz, J.R., Ortega, F.B., Huybrechts, I., Rodríguez, G., Jiménez-Pavón, D., 

Roccaldo, R., Nova, E., Widhalm, K., Kafatos, A., et al. (2014). High fat diets are 

associated with higher abdominal adiposity regardless of physical activity in adolescents; 

the HELENA study. Clin Nutr 33, 859-866. 

Landreth, G. (2007). Therapeutic use of agonists of the nuclear receptor PPARgamma in 

Alzheimer's disease. Curr Alzheimer Res 4, 159-164. 

Lazarou, C., Panagiotakos, D., and Matalas, A.L. (2012). The role of diet in prevention 

and management of type 2 diabetes: implications for public health. Crit Rev Food Sci 

Nutr 52, 382-389. 

Lee, S.H., Ha, H.S., Park, Y.J., Lee, J.H., Yim, H.W., Yoon, K.H., Kang, M.I., Lee, W.C., 

Son, H.Y., Park, Y.M., et al. (2011a). Identifying metabolically obese but normal-weight 

(MONW) individuals in a nondiabetic Korean population: the Chungju Metabolic disease 

Cohort (CMC) study. Clin Endocrinol (Oxf) 75, 475-481. 



References 

	
- 185 - 

Lee, Y.H., Tharp, W.G., Maple, R.L., Nair, S., Permana, P.A., and Pratley, R.E. (2008). 

Amyloid precursor protein expression is upregulated in adipocytes in obesity. Obesity 

(Silver Spring) 16, 1493-1500. 

Lee, Y.S., Li, P., Huh, J.Y., Hwang, I.J., Lu, M., Kim, J.I., Ham, M., Talukdar, S., Chen, 

A., Lu, W.J., et al. (2011b). Inflammation is necessary for long-term but not short-term 

high-fat diet-induced insulin resistance. Diabetes 60, 2474-2483. 

Li, L.C., and Dahiya, R. (2002). MethPrimer: designing primers for methylation PCRs. 

Bioinformatics 18, 1427-1431. 

Li, Q.X., Fuller, S.J., Beyreuther, K., and Masters, C.L. (1999). The amyloid precursor 

protein of Alzheimer disease in human brain and blood. J Leukoc Biol 66, 567-574. 

Libby, P. (2006). Inflammation and cardiovascular disease mechanisms. Am J Clin Nutr 

83, 456S-460S. 

Libby, P., and Plutzky, J. (2007). Inflammation in diabetes mellitus: role of peroxisome 

proliferator-activated receptor-alpha and peroxisome proliferator-activated receptor-

gamma agonists. Am J Cardiol 99, 27B-40B. 

Liew, C.C., Ma, J., Tang, H.C., Zheng, R., and Dempsey, A.A. (2006). The peripheral 

blood transcriptome dynamically reflects system wide biology: a potential diagnostic 

tool. J Lab Clin Med 147, 126-132. 

Liu, P.T., Krutzik, S.R., Kim, J., and Modlin, R.L. (2005). Cutting edge: all-trans retinoic 

acid down-regulates TLR2 expression and function. J Immunol 174, 2467-2470. 

Liu, W., Wang, G., and Yakovlev, A.G. (2002). Identification and functional analysis of 

the rat caspase-3 gene promoter. J Biol Chem 277, 8273-8278. 

Liu, Y., Chen, H., Mu, D., Fan, J., Song, J., Zhong, Y., Li, D., and Xia, M. (2016). 

Circulating Retinoic Acid Levels and the Development of Metabolic Syndrome. J Clin 

Endocrinol Metab 101, 1686-1692. 

Livak, K.J., and Schmittgen, T.D. (2001). Analysis of relative gene expression data using 

real-time quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods 25, 402-408. 

Lock, C., Hermans, G., Pedotti, R., Brendolan, A., Schadt, E., Garren, H., Langer-Gould, 

A., Strober, S., Cannella, B., Allard, J., et al. (2002). Gene-microarray analysis of 

multiple sclerosis lesions yields new targets validated in autoimmune encephalomyelitis. 

Nat Med 8, 500-508. 

Lombardi, G., Zustovich, F., Farina, P., Fiduccia, P., Della Puppa, A., Polo, V., 

Bertorelle, R., Gardiman, M.P., Banzato, A., Ciccarino, P., et al. (2013). Hypertension as 

a biomarker in patients with recurrent glioblastoma treated with antiangiogenic drugs: a 



Margalida Cifre. Doctoral thesis 

	 	 	
- 186 - 

single-center experience and a critical review of the literature. Anticancer Drugs 24, 90-

97. 

Lopez-Miranda, J., and Perez-Martinez, P. (2013). It is time to define metabolically obese 

but normal-weight (MONW) individuals. Clin Endocrinol (Oxf) 79, 314-315. 

Lovejoy, J., and DiGirolamo, M. (1992). Habitual dietary intake and insulin sensitivity 

in lean and obese adults. Am J Clin Nutr 55, 1174-1179. 

Lucassen, P.J., Naninck, E.F., van Goudoever, J.B., Fitzsimons, C., Joels, M., and Korosi, 

A. (2013). Perinatal programming of adult hippocampal structure and function; emerging 

roles of stress, nutrition and epigenetics. Trends Neurosci 36, 621-631. 

Lukiw, W.J., and Bazan, N.G. (2008). Docosahexaenoic acid and the aging brain. J Nutr 

138, 2510-2514. 

Lyu, S.Y., and Park, W.B. (2005). Production of cytokine and NO by RAW 264.7 

macrophages and PBMC in vitro incubation with flavonoids. Arch Pharm Res 28, 573-

581. 

Ma, J., Lin, Y., Zhan, M., Mann, D.L., Stass, S.A., and Jiang, F. (2015). Differential 

miRNA expressions in peripheral blood mononuclear cells for diagnosis of lung cancer. 

Lab Invest 95, 1197-1206. 

Maas, K., Chan, S., Parker, J., Slater, A., Moore, J., Olsen, N., and Aune, T.M. (2002). 

Cutting edge: molecular portrait of human autoimmune disease. J Immunol 169, 5-9. 

Maes, O.C., Xu, S., Yu, B., Chertkow, H.M., Wang, E., and Schipper, H.M. (2007). 

Transcriptional profiling of Alzheimer blood mononuclear cells by microarray. Neurobiol 

Aging 28, 1795-1809. 

Mager, U., Kolehmainen, M., de Mello, V.D., Schwab, U., Laaksonen, D.E., Rauramaa, 

R., Gylling, H., Atalay, M., Pulkkinen, L., and Uusitupa, M. (2008). Expression of ghrelin 

gene in peripheral blood mononuclear cells and plasma ghrelin concentrations in patients 

with metabolic syndrome. Eur J Endocrinol 158, 499-510. 

Mahdy Ali, K., Wonnerth, A., Huber, K., and Wojta, J. (2012). Cardiovascular disease 

risk reduction by raising HDL cholesterol--current therapies and future opportunities. Br 

J Pharmacol 167, 1177-1194. 

Marrades, M.P., Milagro, F.I., Martinez, J.A., and Moreno-Aliaga, M.J. (2006). 

Differential expression of aquaporin 7 in adipose tissue of lean and obese high fat 

consumers. Biochem Biophys Res Commun 339, 785-789. 



References 

	
- 187 - 

Marshall, J.A., Hamman, R.F., and Baxter, J. (1991). High-fat, low-carbohydrate diet and 

the etiology of non-insulin-dependent diabetes mellitus: the San Luis Valley Diabetes 

Study. Am J Epidemiol 134, 590-603. 

Marx, N., Kehrle, B., Kohlhammer, K., Grüb, M., Koenig, W., Hombach, V., Libby, P., 

and Plutzky, J. (2002). PPAR activators as antiinflammatory mediators in human T 

lymphocytes: implications for atherosclerosis and transplantation-associated 

arteriosclerosis. Circ Res 90, 703-710. 

Matamala, J.C., Gianotti, M., Pericás, J., Quevedo, S., Roca, P., Palou, A., and García-

Palmer, F.J. (1996). Changes induced by fasting and dietetic obesity in thermogenic 

parameters of rat brown adipose tissue mitochondrial subpopulations. Biochem J 319 ( Pt 

2), 529-534. 

Matthews, D.R., Hosker, J.P., Rudenski, A.S., Naylor, B.A., Treacher, D.F., and Turner, 

R.C. (1985). Homeostasis model assessment: insulin resistance and beta-cell function 

from fasting plasma glucose and insulin concentrations in man. Diabetologia 28, 412-

419. 

Mauri-Hellweg, D., Bettens, F., Mauri, D., Brander, C., Hunziker, T., and Pichler, W.J. 

(1995). Activation of drug-specific CD4+ and CD8+ T cells in individuals allergic to 

sulfonamides, phenytoin, and carbamazepine. J Immunol 155, 462-472. 

Mayeux, R., and Hyslop, P.S. (2008). Alzheimer's disease: advances in trafficking. 

Lancet Neurol 7, 2-3. 

McHugh, S.M., Rifkin, I.R., Deighton, J., Wilson, A.B., Lachmann, P.J., Lockwood, 

C.M., and Ewan, P.W. (1995). The immunosuppressive drug thalidomide induces T 

helper cell type 2 (Th2) and concomitantly inhibits Th1 cytokine production in mitogen- 

and antigen-stimulated human peripheral blood mononuclear cell cultures. Clin Exp 

Immunol 99, 160-167. 

McKeith, I.G., Galasko, D., Kosaka, K., Perry, E.K., Dickson, D.W., Hansen, L.A., 

Salmon, D.P., Lowe, J., Mirra, S.S., Byrne, E.J., et al. (1996). Consensus guidelines for 

the clinical and pathologic diagnosis of dementia with Lewy bodies (DLB): report of the 

consortium on DLB international workshop. Neurology 47, 1113-1124. 

McNay, E.C., and Recknagel, A.K. (2011). Brain insulin signaling: a key component of 

cognitive processes and a potential basis for cognitive impairment in type 2 diabetes. 

Neurobiol Learn Mem 96, 432-442. 



Margalida Cifre. Doctoral thesis 

	 	 	
- 188 - 

Mecocci, P., Polidori, M.C., Cherubini, A., Ingegni, T., Mattioli, P., Catani, M., Rinaldi, 

P., Cecchetti, R., Stahl, W., Senin, U., et al. (2002). Lymphocyte oxidative DNA damage 

and plasma antioxidants in Alzheimer disease. Arch Neurol 59, 794-798. 

Melloni, R.H., Apostolides, P.J., Hamos, J.E., and DeGennaro, L.J. (1994). Dynamics of 

synapsin I gene expression during the establishment and restoration of functional 

synapses in the rat hippocampus. Neuroscience 58, 683-703. 

Mercader, J., Granados, N., Bonet, M.L., and Palou, A. (2008). All-trans retinoic acid 

decreases murine adipose retinol binding protein 4 production. Cell Physiol Biochem 22, 

363-372. 

Mercader, J., Ribot, J., Murano, I., Felipe, F., Cinti, S., Bonet, M.L., and Palou, A. (2006). 

Remodeling of white adipose tissue after retinoic acid administration in mice. 

Endocrinology 147, 5325-5332. 

Meyer, K.A., Kushi, L.H., Jacobs, D.R., Jr., and Folsom, A.R. (2001). Dietary fat and 

incidence of type 2 diabetes in older Iowa women. Diabetes Care 24, 1528-1535. 

Milagro, F.I., Miranda, J., Portillo, M.P., Fernandez-Quintela, A., Campion, J., and 

Martinez, J.A. (2013). High-throughput sequencing of microRNAs in peripheral blood 

mononuclear cells: identification of potential weight loss biomarkers. PLoS One 8, 

e54319. 

Milanski, M., Degasperi, G., Coope, A., Morari, J., Denis, R., Cintra, D.E., Tsukumo, 

D.M., Anhe, G., Amaral, M.E., Takahashi, H.K., et al. (2009). Saturated fatty acids 

produce an inflammatory response predominantly through the activation of TLR4 

signaling in hypothalamus: implications for the pathogenesis of obesity. J Neurosci 29, 

359-370. 

Miller, A.A., and Spencer, S.J. (2014). Obesity and neuroinflammation: a pathway to 

cognitive impairment. Brain Behav Immun 42, 10-21. 

Min, J.L., Barrett, A., Watts, T., Pettersson, F.H., Lockstone, H.E., Lindgren, C.M., 

Taylor, J.M., Allen, M., Zondervan, K.T., and McCarthy, M.I. (2010). Variability of gene 

expression profiles in human blood and lymphoblastoid cell lines. BMC Genomics 11, 

96. 

Molero-Conejo, E., Morales, L.M., Fernández, V., Raleigh, X., Gómez, M.E., Semprún-

Fereira, M., Campos, G., and Ryder, E. (2003). Lean adolescents with increased risk for 

metabolic syndrome. Arch Latinoam Nutr 53, 39-46. 



References 

	
- 189 - 

Molteni, R., Barnard, R.J., Ying, Z., Roberts, C.K., and Gómez-Pinilla, F. (2002). A high-

fat, refined sugar diet reduces hippocampal brain-derived neurotrophic factor, neuronal 

plasticity, and learning. Neuroscience 112, 803-814. 

Mori, T., Kondo, H., Hase, T., Tokimitsu, I., and Murase, T. (2007). Dietary fish oil 

upregulates intestinal lipid metabolism and reduces body weight gain in C57BL/6J mice. 

J Nutr 137, 2629-2634. 

Moroz, N., Tong, M., Longato, L., Xu, H., and de la Monte, S.M. (2008). Limited 

Alzheimer-type neurodegeneration in experimental obesity and type 2 diabetes mellitus. 

J Alzheimers Dis 15, 29-44. 

Morris, M.C., Evans, D.A., Bienias, J.L., Tangney, C.C., Bennett, D.A., Aggarwal, N., 

Schneider, J., and Wilson, R.S. (2003). Dietary fats and the risk of incident Alzheimer 

disease. Arch Neurol 60, 194-200. 

Morris, M.C., Evans, D.A., Bienias, J.L., Tangney, C.C., and Wilson, R.S. (2004). 

Dietary fat intake and 6-year cognitive change in an older biracial community population. 

Neurology 62, 1573-1579. 

Morris, M.C., and Tangney, C.C. (2014). Dietary fat composition and dementia risk. 

Neurobiol Aging 35 Suppl 2, S59-64. 

Morrison, C.D. (2009). Leptin signaling in brain: A link between nutrition and cognition? 

Biochim Biophys Acta 1792, 401-408. 

Morrison, C.D., Pistell, P.J., Ingram, D.K., Johnson, W.D., Liu, Y., Fernandez-Kim, S.O., 

White, C.L., Purpera, M.N., Uranga, R.M., Bruce-Keller, A.J., et al. (2010). High fat diet 

increases hippocampal oxidative stress and cognitive impairment in aged mice: 

implications for decreased Nrf2 signaling. J Neurochem 114, 1581-1589. 

Mutungi, G., Torres-Gonzalez, M., McGrane, M.M., Volek, J.S., and Fernandez, M.L. 

(2007). Carbohydrate restriction and dietary cholesterol modulate the expression of 

HMG-CoA reductase and the LDL receptor in mononuclear cells from adult men. Lipids 

Health Dis 6, 34. 

Myhrstad, M.C., Narverud, I., Telle-Hansen, V.H., Karhu, T., Lund, D.B., Herzig, K.H., 

Makinen, M., Halvorsen, B., Retterstøl, K., Kirkhus, B., et al. (2011). Effect of the fat 

composition of a single high-fat meal on inflammatory markers in healthy young women. 

Br J Nutr 106, 1826-1835. 

National Cholesterol Education Program (NCEP) Expert Panel on Detection, E.a., and 

Treatment of High Blood Cholesterol in Adults (Adult Treatment Panel III) (2002). Third 

Report of the National Cholesterol Education Program (NCEP) Expert Panel on 



Margalida Cifre. Doctoral thesis 

	 	 	
- 190 - 

Detection, Evaluation, and Treatment of High Blood Cholesterol in Adults (Adult 

Treatment Panel III) final report. Circulation 106, 3143-3421. 

Neary, D., Snowden, J., and Mann, D. (2005). Frontotemporal dementia. Lancet Neurol 

4, 771-780. 

Nguyen, J.C., Killcross, A.S., and Jenkins, T.A. (2014). Obesity and cognitive decline: 

role of inflammation and vascular changes. Front Neurosci 8, 375. 

Nijhuis, E.W., Oostervink, F., Hinloopen, B., Rozing, J., and Nagelkerken, L. (1996). 

Differences in dexamethasone-sensitivity between lymphocytes from patients with 

Alzheimer's disease and patients with multi-infarct dementia. Brain Behav Immun 10, 

115-125. 

Nogusa, Y., Yanaka, N., Sumiyoshi, N., Takeda, K., and Kato, N. (2006). Expression of 

zinc finger protein ZPR1 mRNA in brain is up-regulated in mice fed a high-fat diet. Int J 

Mol Med 17, 491-496. 

O'Callaghan, J.P., and Sriram, K. (2005). Glial fibrillary acidic protein and related glial 

proteins as biomarkers of neurotoxicity. Expert opinion on drug safety 4, 433-442. 

Ogawa, M. (1993). Differentiation and proliferation of hematopoietic stem cells. Blood 

81, 2844-2853. 

Ogden, C.L., Yanovski, S.Z., Carroll, M.D., and Flegal, K.M. (2007). The epidemiology 

of obesity. Gastroenterology 132, 2087-2102. 

Okereke, O.I., Rosner, B.A., Kim, D.H., Kang, J.H., Cook, N.R., Manson, J.E., Buring, 

J.E., Willett, W.C., and Grodstein, F. (2012). Dietary fat types and 4-year cognitive 

change in community-dwelling older women. Ann Neurol 72, 124-134. 

Oliver, P., Caimari, A., Diaz-Rua, R., and Palou, A. (2012). Diet-induced obesity affects 

expression of adiponutrin/PNPLA3 and adipose triglyceride lipase, two members of the 

same family. Int J Obes (Lond) 36, 225-232. 

Oliver, P., Reynés, B., Caimari, A., and Palou, A. (2013). Peripheral blood mononuclear 

cells: a potential source of homeostatic imbalance markers associated with obesity 

development. Pflugers Arch 465, 459-468. 

Olsen, N.J., Moore, J.H., and Aune, T.M. (2004). Gene expression signatures for 

autoimmune disease in peripheral blood mononuclear cells. Arthritis Res Ther 6, 120-

128. 

Pahl, A., and Brune, K. (2002). Gene expression changes in blood after phlebotomy: 

implications for gene expression profiling. Blood 100, 1094-1095. 



References 

	
- 191 - 

Palou, A., Sanchez, J., and Pico, C. (2009). Nutrient-gene interactions in early life 

programming: leptin in breast milk prevents obesity later on in life. Adv Exp Med Biol 

646, 95-104. 

Palou, M., Priego, T., Sanchez, J., Villegas, E., Rodriguez, A.M., Palou, A., and Pico, C. 

(2008). Sequential changes in the expression of genes involved in lipid metabolism in 

adipose tissue and liver in response to fasting. Pflugers Arch 456, 825-836. 

Palou, M., Sanchez, J., Priego, T., Rodriguez, A.M., Pico, C., and Palou, A. (2010). 

Regional differences in the expression of genes involved in lipid metabolism in adipose 

tissue in response to short- and medium-term fasting and refeeding. J Nutr Biochem 21, 

23-33. 

Parihar, P. (2009). Microbiology and Immunology, 1st edn (Delhi: Swastik publication). 

Park, H.R., Park, M., Choi, J., Park, K.Y., Chung, H.Y., and Lee, J. (2010). A high-fat 

diet impairs neurogenesis: involvement of lipid peroxidation and brain-derived 

neurotrophic factor. Neurosci Lett 482, 235-239. 

Patalay, M., Lofgren, I.E., Freake, H.C., Koo, S.I., and Fernandez, M.L. (2005). The 

lowering of plasma lipids following a weight reduction program is related to increased 

expression of the LDL receptor and lipoprotein lipase. J Nutr 135, 735-739. 

Pavon, E.J., Garcia-Rodriguez, S., Zumaquero, E., Perandres-Lopez, R., Rosal-Vela, A., 

Lario, A., Longobardo, V., Carrascal, M., Abian, J., Callejas-Rubio, J.L., et al. (2012). 

Increased expression and phosphorylation of the two S100A9 isoforms in mononuclear 

cells from patients with systemic lupus erythematosus: a proteomic signature for 

circulating low-density granulocytes. J Proteomics 75, 1778-1791. 

Pedersen, W.A., McMillan, P.J., Kulstad, J.J., Leverenz, J.B., Craft, S., and Haynatzki, 

G.R. (2006). Rosiglitazone attenuates learning and memory deficits in Tg2576 Alzheimer 

mice. Exp Neurol 199, 265-273. 

Petersen, R.C., Doody, R., Kurz, A., Mohs, R.C., Morris, J.C., Rabins, P.V., Ritchie, K., 

Rossor, M., Thal, L., and Winblad, B. (2001). Current concepts in mild cognitive 

impairment. Arch Neurol 58, 1985-1992. 

Petersen, R.C., Smith, G.E., Waring, S.C., Ivnik, R.J., Tangalos, E.G., and Kokmen, E. 

(1999). Mild cognitive impairment: clinical characterization and outcome. Arch Neurol 

56, 303-308. 

Petrov, P.D., Bonet, M.L., Reynés, B., Oliver, P., Palou, A., and Ribot, J. (2016). Whole 

Blood RNA as a Source of Transcript-Based Nutrition- and Metabolic Health-Related 

Biomarkers. PLoS One 11, e0155361. 



Margalida Cifre. Doctoral thesis 

	 	 	
- 192 - 

Pfaffl, M.W. (2001). A new mathematical model for relative quantification in real-time 

RT-PCR. Nucleic Acids Res 29, e45. 

Phillips, C.M., Dillon, C., Harrington, J.M., McCarthy, V.J., Kearney, P.M., Fitzgerald, 

A.P., and Perry, I.J. (2013). Defining metabolically healthy obesity: role of dietary and 

lifestyle factors. PLoS One 8, e76188. 

Pi-Sunyer, X. (2009). The medical risks of obesity. Postgrad Med 121, 21-33. 

Pistell, P.J., Morrison, C.D., Gupta, S., Knight, A.G., Keller, J.N., Ingram, D.K., and 

Bruce-Keller, A.J. (2010). Cognitive impairment following high fat diet consumption is 

associated with brain inflammation. J Neuroimmunol 219, 25-32. 

Pitsi, D., and Octave, J.N. (2004). Presenilin 1 stabilizes the C-terminal fragment of the 

amyloid precursor protein independently of gamma-secretase activity. J Biol Chem 279, 

25333-25338. 

Pomar, C.A., van Nes, R., Sanchez, J., Pico, C., Keijer, J., and Palou, A. (2017). Maternal 

consumption of a cafeteria diet during lactation in rats leads the offspring to a thin-

outside-fat-inside phenotype. Int J Obes (Lond) 41, 1279-1287. 

Priego, T., Sanchez, J., Palou, A., and Pico, C. (2010). Leptin intake during the suckling 

period improves the metabolic response of adipose tissue to a high-fat diet. Int J Obes 

(Lond) 34, 809-819. 

Priego, T., Sánchez, J., Picó, C., Ahrens, W., Bammann, K., De Henauw, S., Fraterman, 

A., Iacoviello, L., Lissner, L., Molnár, D., et al. (2014). Influence of breastfeeding on 

blood-cell transcript-based biomarkers of health in children. Pediatr Obes 9, 463-470. 

Priego, T., Sánchez, J., Picó, C., Ahrens, W., De Henauw, S., Kourides, Y., Lissner, L., 

Molnár, D., Moreno, L.A., Russo, P., et al. (2015). TAS1R3 and UCN2 Transcript Levels 

in Blood Cells Are Associated With Sugary and Fatty Food Consumption in Children. J 

Clin Endocrinol Metab 100, 3556-3564. 

Puig, K.L., Floden, A.M., Adhikari, R., Golovko, M.Y., and Combs, C.K. (2012). 

Amyloid precursor protein and proinflammatory changes are regulated in brain and 

adipose tissue in a murine model of high fat diet-induced obesity. PLoS One 7, e30378. 

Puigserver, P., Gianotti, M., and Palou, A. (1992). Impaired starvation-induced loss of 

mitochondrial protein in the brown adipose tissue of dietary obese rats. Int J Obes Relat 

Metab Disord 16, 255-261. 

Puigserver, P., Vázquez, F., Bonet, M.L., Picó, C., and Palou, A. (1996). In vitro and in 

vivo induction of brown adipocyte uncoupling protein (thermogenin) by retinoic acid. 

Biochem J 317 ( Pt 3), 827-833. 



References 

	
- 193 - 

Pérez-Matute, P., Marti, A., Martínez, J.A., Fernández-Otero, M.P., Stanhope, K.L., 

Havel, P.J., and Moreno-Aliaga, M.J. (2005). Eicosapentaenoic fatty acid increases leptin 

secretion from primary cultured rat adipocytes: role of glucose metabolism. Am J Physiol 

Regul Integr Comp Physiol 288, R1682-1688. 

Radler, U., Stangl, H., Lechner, S., Lienbacher, G., Krepp, R., Zeller, E., Brachinger, M., 

Eller-Berndl, D., Fischer, A., Anzur, C., et al. (2011). A combination of (ω-3) 

polyunsaturated fatty acids, polyphenols and L-carnitine reduces the plasma lipid levels 

and increases the expression of genes involved in fatty acid oxidation in human peripheral 

blood mononuclear cells and HepG2 cells. Ann Nutr Metab 58, 133-140. 

Raghavachari, N., Xu, X., Munson, P.J., and Gladwin, M.T. (2009). Characterization of 

whole blood gene expression profiles as a sequel to globin mRNA reduction in patients 

with sickle cell disease. PLoS One 4, e6484. 

Rahati, S., Shahraki, M., Arjomand, G., and Shahraki, T. (2014). Food pattern, lifestyle 

and diabetes mellitus. Int J High Risk Behav Addict 3, e8725. 

Raji, C.A., Lopez, O.L., Kuller, L.H., Carmichael, O.T., and Becker, J.T. (2009). Age, 

Alzheimer disease, and brain structure. Neurology 73, 1899-1905. 

Rambaldi, A., Bettoni, S., Rossi, V., Tini, M.L., Giudici, G., Rizzo, V., Bassan, R., 

Mantovani, A., Barbui, T., and Biondi, A. (1993). Transcriptional and post-transcriptional 

regulation of IL-1 beta, IL-6 and TNF-alpha genes in chronic lymphocytic leukaemia. Br 

J Haematol 83, 204-211. 

Rangel-Huerta, O.D., Aguilera, C.M., Mesa, M.D., and Gil, A. (2012). Omega-3 long-

chain polyunsaturated fatty acids supplementation on inflammatory biomakers: a 

systematic review of randomised clinical trials. Br J Nutr 107 Suppl 2, S159-170. 

Reiber, H., and Peter, J.B. (2001). Cerebrospinal fluid analysis: disease-related data 

patterns and evaluation programs. J Neurol Sci 184, 101-122. 

Reynés, B., Díaz-Rúa, R., Cifre, M., Oliver, P., and Palou, A. (2015). Peripheral blood 

mononuclear cells as a potential source of biomarkers to test the efficacy of weight-loss 

strategies. Obesity (Silver Spring) 23, 28-31. 

Reynés, B., García-Ruiz, E., Díaz-Rua, R., and Oliver, P. (2014). Reversion to a control 

balanced diet is able to restore body weight and to recover altered metabolic parameters 

in adult rats long-term fed on a cafeteria diet. Food Research International 64, 9. 

Reynés, B., García-Ruiz, E., Palou, A., and Oliver, P. (2016). The intake of high-fat diets 

induces an obesogenic-like gene expression profile in peripheral blood mononuclear 

cells, which is reverted by dieting. Br J Nutr 115, 1887-1895. 



Margalida Cifre. Doctoral thesis 

	 	 	
- 194 - 

Ridker, P.M., Danielson, E., Fonseca, F.A., Genest, J., Gotto, A.M., Jr., Kastelein, J.J., 

Koenig, W., Libby, P., Lorenzatti, A.J., MacFadyen, J.G., et al. (2008). Rosuvastatin to 

prevent vascular events in men and women with elevated C-reactive protein. N Engl J 

Med 359, 2195-2207. 

Riordan, S.M., Skinner, N., Nagree, A., McCallum, H., McIver, C.J., Kurtovic, J., 

Hamilton, J.A., Bengmark, S., Williams, R., and Visvanathan, K. (2003). Peripheral 

blood mononuclear cell expression of toll-like receptors and relation to cytokine levels in 

cirrhosis. Hepatology 37, 1154-1164. 

Rivera, E.J., Goldin, A., Fulmer, N., Tavares, R., Wands, J.R., and de la Monte, S.M. 

(2005). Insulin and insulin-like growth factor expression and function deteriorate with 

progression of Alzheimer's disease: link to brain reductions in acetylcholine. J 

Alzheimers Dis 8, 247-268. 

Rivera, P., Pérez-Martín, M., Pavón, F.J., Serrano, A., Crespillo, A., Cifuentes, M., 

López-Ávalos, M.D., Grondona, J.M., Vida, M., Fernández-Llebrez, P., et al. (2013). 

Pharmacological administration of the isoflavone daidzein enhances cell proliferation and 

reduces high fat diet-induced apoptosis and gliosis in the rat hippocampus. PLoS One 8, 

e64750. 

Rosini, T.C., Silva, A.S., and Moraes, C. (2012). Diet-induced obesity: rodent model for 

the study of obesity-related disorders. Rev Assoc Med Bras (1992) 58, 383-387. 

Roth, T.L., Zoladz, P.R., Sweatt, J.D., and Diamond, D.M. (2011). Epigenetic 

modification of hippocampal Bdnf DNA in adult rats in an animal model of post-

traumatic stress disorder. J Psychiatr Res 45, 919-926. 

Ruderman, N., Chisholm, D., Pi-Sunyer, X., and Schneider, S. (1998). The metabolically 

obese, normal-weight individual revisited. Diabetes 47, 699-713. 

Ruderman, N.B., Schneider, S.H., and Berchtold, P. (1981). The "metabolically-obese," 

normal-weight individual. Am J Clin Nutr 34, 1617-1621. 

Rudkowska, I., Ponton, A., Jacques, H., Lavigne, C., Holub, B.J., Marette, A., and Vohl, 

M.C. (2011a). Effects of a supplementation of n-3 polyunsaturated fatty acids with or 

without fish gelatin on gene expression in peripheral blood mononuclear cells in obese, 

insulin-resistant subjects. J Nutrigenet Nutrigenomics 4, 192-202. 

Rudkowska, I., Raymond, C., Ponton, A., Jacques, H., Lavigne, C., Holub, B.J., Marette, 

A., and Vohl, M.C. (2011b). Validation of the use of peripheral blood mononuclear cells 

as surrogate model for skeletal muscle tissue in nutrigenomic studies. Omics : a journal 

of integrative biology 15, 1-7. 



References 

	
- 195 - 

Rus, V., Atamas, S.P., Shustova, V., Luzina, I.G., Selaru, F., Magder, L.S., and Via, C.S. 

(2002). Expression of cytokine- and chemokine-related genes in peripheral blood 

mononuclear cells from lupus patients by cDNA array. Clin Immunol 102, 283-290. 

Ruxton, C.H., Reed, S.C., Simpson, M.J., and Millington, K.J. (2004). The health benefits 

of omega-3 polyunsaturated fatty acids: a review of the evidence. J Hum Nutr Diet 17, 

449-459. 

Ruzickova, J., Rossmeisl, M., Prazak, T., Flachs, P., Sponarova, J., Veck, M., Tvrzicka, 

E., Bryhn, M., and Kopecky, J. (2004). Omega-3 PUFA of marine origin limit diet-

induced obesity in mice by reducing cellularity of adipose tissue. Lipids 39, 1177-1185. 

Samara, A., Marie, B., Pfister, M., and Visvikis-Siest, S. (2008). Leptin expression in 

Peripheral Blood Mononuclear Cells (PBMCs) is related with blood pressure variability. 

Clin Chim Acta 395, 47-50. 

Sauerwald, A., Hoesche, C., Oschwald, R., and Kilimann, M.W. (1990). The 5'-flanking 

region of the synapsin I gene. A G+C-rich, TATA- and CAAT-less, phylogenetically 

conserved sequence with cell type-specific promoter function. J Biol Chem 265, 14932-

14937. 

Savino, F., Liguori, S.A., Fissore, M.F., and Oggero, R. (2009). Breast milk hormones 

and their protective effect on obesity. Int J Pediatr Endocrinol 2009, 327505. 

Saydah, S., Bullard, K.M., Cheng, Y., Ali, M.K., Gregg, E.W., Geiss, L., and Imperatore, 

G. (2014). Trends in cardiovascular disease risk factors by obesity level in adults in the 

United States, NHANES 1999-2010. Obesity (Silver Spring) 22, 1888-1895. 

Scherer, P.E., Williams, S., Fogliano, M., Baldini, G., and Lodish, H.F. (1995). A novel 

serum protein similar to C1q, produced exclusively in adipocytes. J Biol Chem 270, 

26746-26749. 

Schipper, H.M., Chertkow, H., Mehindate, K., Frankel, D., Melmed, C., and Bergman, 

H. (2000). Evaluation of heme oxygenase-1 as a systemic biological marker of sporadic 

AD. Neurology 54, 1297-1304. 

Schmidt, V., Sporbert, A., Rohe, M., Reimer, T., Rehm, A., Andersen, O.M., and 

Willnow, T.E. (2007). SorLA/LR11 regulates processing of amyloid precursor protein 

via interaction with adaptors GGA and PACS-1. J Biol Chem 282, 32956-32964. 

Schuler, G., Hambrecht, R., Schlierf, G., Niebauer, J., Hauer, K., Neumann, J., Hoberg, 

E., Drinkmann, A., Bacher, F., Grunze, M., et al. (1992). Regular physical exercise and 

low-fat diet. Effects on progression of coronary artery disease. Circulation 86, 1-11. 



Margalida Cifre. Doctoral thesis 

	 	 	
- 196 - 

Schwartz, M.W., Woods, S.C., Porte, D., Jr., Seeley, R.J., and Baskin, D.G. (2000). 

Central nervous system control of food intake. Nature 404, 661-671. 

Sellbom, K.S., and Gunstad, J. (2012). Cognitive function and decline in obesity. J 

Alzheimers Dis 30 Suppl 2, S89-95. 

Sengupta, P. (2013). The Laboratory Rat: Relating Its Age With Human's. Int J Prev Med 

4, 624-630. 

Seo, T., Blaner, W.S., and Deckelbaum, R.J. (2005). Omega-3 fatty acids: molecular 

approaches to optimal biological outcomes. Curr Opin Lipidol 16, 11-18. 

Shah, S.H., and Newgard, C.B. (2015). Integrated metabolomics and genomics: systems 

approaches to biomarkers and mechanisms of cardiovascular disease. Circ Cardiovasc 

Genet 8, 410-419. 

Sharp, F.R., Xu, H., Lit, L., Walker, W., Apperson, M., Gilbert, D.L., Glauser, T.A., 

Wong, B., Hershey, A., Liu, D.Z., et al. (2006). The future of genomic profiling of 

neurological diseases using blood. Arch Neurol 63, 1529-1536. 

Shefer, G., Marcus, Y., and Stern, N. (2013). Is obesity a brain disease? Neurosci 

Biobehav Rev 37, 2489-2503. 

Shioda, S., Funahashi, H., Nakajo, S., Yada, T., Maruta, O., and Nakai, Y. (1998). 

Immunohistochemical localization of leptin receptor in the rat brain. Neurosci Lett 243, 

41-44. 

Shoelson, S.E., Lee, J., and Goldfine, A.B. (2006). Inflammation and insulin resistance. 

J Clin Invest 116, 1793-1801. 

Siddiqui, R.A., Harvey, K.A., and Zaloga, G.P. (2008). Modulation of enzymatic 

activities by n-3 polyunsaturated fatty acids to support cardiovascular health. The Journal 

of nutritional biochemistry 19, 417-437. 

Snel, M., Jonker, J.T., Schoones, J., Lamb, H., de Roos, A., Pijl, H., Smit, J.W., Meinders, 

A.E., and Jazet, I.M. (2012). Ectopic fat and insulin resistance: pathophysiology and 

effect of diet and lifestyle interventions. Int J Endocrinol 2012, 983814. 

Snigdha, S., Smith, E.D., Prieto, G.A., and Cotman, C.W. (2012). Caspase-3 activation 

as a bifurcation point between plasticity and cell death. Neurosci Bull 28, 14-24. 

Sofi, F., Cesari, F., Abbate, R., Gensini, G.F., and Casini, A. (2008). Adherence to 

Mediterranean diet and health status: meta-analysis. BMJ 337, a1344. 

Solfrizzi, V., D'Introno, A., Colacicco, A.M., Capurso, C., Del Parigi, A., Capurso, S., 

Gadaleta, A., Capurso, A., and Panza, F. (2005). Dietary fatty acids intake: possible role 

in cognitive decline and dementia. Exp Gerontol 40, 257-270. 



References 

	
- 197 - 

Solfrizzi, V., Panza, F., and Capurso, A. (2003). The role of diet in cognitive decline. J 

Neural Transm (Vienna) 110, 95-110. 

Solfrizzi, V., Panza, F., Frisardi, V., Seripa, D., Logroscino, G., Imbimbo, B.P., and 

Pilotto, A. (2011). Diet and Alzheimer's disease risk factors or prevention: the current 

evidence. Expert Rev Neurother 11, 677-708. 

St-Onge, M.P., Janssen, I., and Heymsfield, S.B. (2004). Metabolic syndrome in normal-

weight Americans: new definition of the metabolically obese, normal-weight individual. 

Diabetes Care 27, 2222-2228. 

Steen, E., Terry, B.M., Rivera, E.J., Cannon, J.L., Neely, T.R., Tavares, R., Xu, X.J., 

Wands, J.R., and de la Monte, S.M. (2005). Impaired insulin and insulin-like growth 

factor expression and signaling mechanisms in Alzheimer's disease--is this type 3 

diabetes? J Alzheimers Dis 7, 63-80. 

Steinberg, S.J., Wang, S.J., Kim, D.G., Mihalik, S.J., and Watkins, P.A. (1999). Human 

very-long-chain acyl-CoA synthetase: cloning, topography, and relevance to branched-

chain fatty acid metabolism. Biochem Biophys Res Commun 257, 615-621. 

Stella, F., Cerasti, E., Si, B., Jezek, K., and Treves, A. (2012). Self-organization of 

multiple spatial and context memories in the hippocampus. Neurosci Biobehav Rev 36, 

1609-1625. 

Stelmach-Mardas, M., Rodacki, T., Dobrowolska-Iwanek, J., Brzozowska, A., 

Walkowiak, J., Wojtanowska-Krosniak, A., Zagrodzki, P., Bechthold, A., Mardas, M., 

and Boeing, H. (2016). Link between Food Energy Density and Body Weight Changes 

in Obese Adults. Nutrients 8, 229. 

Steyn, N.P., Mann, J., Bennett, P.H., Temple, N., Zimmet, P., Tuomilehto, J., Lindstrom, 

J., and Louheranta, A. (2004). Diet, nutrition and the prevention of type 2 diabetes. Public 

Health Nutr 7, 147-165. 

Storlien, L.H., Jenkins, A.B., Chisholm, D.J., Pascoe, W.S., Khouri, S., and Kraegen, 

E.W. (1991). Influence of dietary fat composition on development of insulin resistance 

in rats. Relationship to muscle triglyceride and omega-3 fatty acids in muscle 

phospholipid. Diabetes 40, 280-289. 

Stranahan, A.M., Norman, E.D., Lee, K., Cutler, R.G., Telljohann, R.S., Egan, J.M., and 

Mattson, M.P. (2008). Diet-induced insulin resistance impairs hippocampal synaptic 

plasticity and cognition in middle-aged rats. Hippocampus 18, 1085-1088. 



Margalida Cifre. Doctoral thesis 

	 	 	
- 198 - 

Strauss, D.G., and Selvester, R.H. (2009). The QRS complex--a biomarker that "images" 

the heart: QRS scores to quantify myocardial scar in the presence of normal and abnormal 

ventricular conduction. J Electrocardiol 42, 85-96. 

Ström, K., Gundersen, T.E., Hansson, O., Lucas, S., Fernandez, C., Blomhoff, R., and 

Holm, C. (2009). Hormone-sensitive lipase (HSL) is also a retinyl ester hydrolase: 

evidence from mice lacking HSL. FASEB J 23, 2307-2316. 

Sturzebecher, S., Wandinger, K.P., Rosenwald, A., Sathyamoorthy, M., Tzou, A., Mattar, 

P., Frank, J.A., Staudt, L., Martin, R., and McFarland, H.F. (2003). Expression profiling 

identifies responder and non-responder phenotypes to interferon-beta in multiple 

sclerosis. Brain 126, 1419-1429. 

Succurro, E., Marini, M.A., Frontoni, S., Hribal, M.L., Andreozzi, F., Lauro, R., 

Perticone, F., and Sesti, G. (2008). Insulin secretion in metabolically obese, but normal 

weight, and in metabolically healthy but obese individuals. Obesity (Silver Spring) 16, 

1881-1886. 

Szabova, L., Macejova, D., Dvorcakova, M., Mostbock, S., Blazickova, S., Zorad, S., 

Walrand, S., Cardinault, N., Vasson, M.P., Rock, E., et al. (2003). Expression of nuclear 

retinoic acid receptor in peripheral blood mononuclear cells (PBMC) of healthy subjects. 

Life Sci 72, 831-836. 

Szostaczuk, N., Priego, T., Palou, M., Palou, A., and Pico, C. (2017). Oral leptin 

supplementation throughout lactation in rats prevents later metabolic alterations caused 

by gestational calorie restriction. Int J Obes (Lond) 41, 360-371. 

Sánchez, J., Bonet, M.L., Keijer, J., van Schothorst, E.M., Mölller, I., Chetrit, C., 

Martinez-Puig, D., and Palou, A. (2014). Blood cells transcriptomics as source of 

potential biomarkers of articular health improvement: effects of oral intake of a rooster 

combs extract rich in hyaluronic acid. Genes Nutr 9, 417. 

Sánchez, J., Oliver, P., Miralles, O., Ceresi, E., Pico, C., and Palou, A. (2005). Leptin 

orally supplied to neonate rats is directly uptaken by the immature stomach and may 

regulate short-term feeding. Endocrinology 146, 2575-2582. 

Sánchez, J., Priego, T., Palou, M., Tobaruela, A., Palou, A., and Pico, C. (2008). Oral 

supplementation with physiological doses of leptin during lactation in rats improves 

insulin sensitivity and affects food preferences later in life. Endocrinology 149, 733-740. 

Sánchez, J., Priego, T., Picó, C., Ahrens, W., De Henauw, S., Fraterman, A., Mårild, S., 

Molnár, D., Moreno, L.A., Peplies, J., et al. (2012). Blood cells as a source of 



References 

	
- 199 - 

transcriptional biomarkers of childhood obesity and its related metabolic alterations: 

results of the IDEFICS study. J Clin Endocrinol Metab 97, E648-652. 

Taha, A.Y., Gao, F., Ramadan, E., Cheon, Y., Rapoport, S.I., and Kim, H.W. (2012). 

Upregulated expression of brain enzymatic markers of arachidonic and docosahexaenoic 

acid metabolism in a rat model of the metabolic syndrome. BMC Neurosci 13, 131. 

Takeda, S., Sato, N., Rakugi, H., and Morishita, R. (2010). Plasma beta-amyloid as 

potential biomarker of Alzheimer disease: possibility of diagnostic tool for Alzheimer 

disease. Mol Biosyst 6, 1760-1766. 

Telle-Hansen, V.H., Larsen, L.N., Høstmark, A.T., Molin, M., Dahl, L., Almendingen, 

K., and Ulven, S.M. (2012). Daily intake of cod or salmon for 2 weeks decreases the 

18:1n-9/18:0 ratio and serum triacylglycerols in healthy subjects. Lipids 47, 151-160. 

Thach, D.C., Lin, B., Walter, E., Kruzelock, R., Rowley, R.K., Tibbetts, C., and Stenger, 

D.A. (2003). Assessment of two methods for handling blood in collection tubes with RNA 

stabilizing agent for surveillance of gene expression profiles with high density 

microarrays. J Immunol Methods 283, 269-279. 

Thomas, E.L., Parkinson, J.R., Frost, G.S., Goldstone, A.P., Doré, C.J., McCarthy, J.P., 

Collins, A.L., Fitzpatrick, J.A., Durighel, G., Taylor-Robinson, S.D., et al. (2012). The 

missing risk: MRI and MRS phenotyping of abdominal adiposity and ectopic fat. Obesity 

(Silver Spring) 20, 76-87. 

Toledo, E., Lebel, A., Becerra, L., Minster, A., Linnman, C., Maleki, N., Dodick, D.W., 

and Borsook, D. (2012). The young brain and concussion: imaging as a biomarker for 

diagnosis and prognosis. Neurosci Biobehav Rev 36, 1510-1531. 

Torsoni, M.A., Carvalheira, J.B., Pereira-Da-Silva, M., de Carvalho-Filho, M.A., Saad, 

M.J., and Velloso, L.A. (2003). Molecular and functional resistance to insulin in 

hypothalamus of rats exposed to cold. Am J Physiol Endocrinol Metab 285, E216-223. 

Toth, P.P. (2004). High-density lipoprotein and cardiovascular risk. Circulation 109, 

1809-1812. 

Toyoda, H., Li, X.Y., Wu, L.J., Zhao, M.G., Descalzi, G., Chen, T., Koga, K., and Zhuo, 

M. (2011). Interplay of amygdala and cingulate plasticity in emotional fear. Neural Plast 

2011, 813749. 

Tsiotra, P.C., Pappa, V., Raptis, S.A., and Tsigos, C. (2000). Expression of the long and 

short leptin receptor isoforms in peripheral blood mononuclear cells: implications for 

leptin's actions. Metabolism 49, 1537-1541. 



Margalida Cifre. Doctoral thesis 

	 	 	
- 200 - 

Tsiotra, P.C., Tsigos, C., Yfanti, E., Anastasiou, E., Vikentiou, M., Psarra, K., 

Papasteriades, C., and Raptis, S.A. (2007). Visfatin, TNF-alpha and IL-6 mRNA 

expression is increased in mononuclear cells from type 2 diabetic women. Horm Metab 

Res 39, 758-763. 

Tsuang, M.T., Nossova, N., Yager, T., Tsuang, M.M., Guo, S.C., Shyu, K.G., Glatt, S.J., 

and Liew, C.C. (2005). Assessing the validity of blood-based gene expression profiles for 

the classification of schizophrenia and bipolar disorder: a preliminary report. Am J Med 

Genet B Neuropsychiatr Genet 133B, 1-5. 

Uchiyama, A., Aoyama, T., Kamijo, K., Uchida, Y., Kondo, N., Orii, T., and Hashimoto, 

T. (1996). Molecular cloning of cDNA encoding rat very long-chain acyl-CoA 

synthetase. J Biol Chem 271, 30360-30365. 

Uhl, E.W., and Warner, N.J. (2015). Mouse Models as Predictors of Human Responses: 

Evolutionary Medicine. Curr Pathobiol Rep 3, 219-223. 

Ulven, S.M., Kirkhus, B., Lamglait, A., Basu, S., Elind, E., Haider, T., Berge, K., Vik, 

H., and Pedersen, J.I. (2011). Metabolic effects of krill oil are essentially similar to those 

of fish oil but at lower dose of EPA and DHA, in healthy volunteers. Lipids 46, 37-46. 

van der Pouw Kraan, T.C., van Gaalen, F.A., Huizinga, T.W., Pieterman, E., Breedveld, 

F.C., and Verweij, C.L. (2003). Discovery of distinctive gene expression profiles in 

rheumatoid synovium using cDNA microarray technology: evidence for the existence of 

multiple pathways of tissue destruction and repair. Genes Immun 4, 187-196. 

Vedin, I., Cederholm, T., Freund-Levi, Y., Basun, H., Garlind, A., Irving, G.F., 

Eriksdotter-Jönhagen, M., Wahlund, L.O., Dahlman, I., and Palmblad, J. (2012). Effects 

of DHA-rich n-3 fatty acid supplementation on gene expression in blood mononuclear 

leukocytes: the OmegAD study. PLoS One 7, e35425. 

Velloso, L.A. (2009). The brain is the conductor: diet-induced inflammation overlapping 

physiological control of body mass and metabolism. Arq Bras Endocrinol Metabol 53, 

151-158. 

Vessby, B., Aro, A., Skarfors, E., Berglund, L., Salminen, I., and Lithell, H. (1994). The 

risk to develop NIDDM is related to the fatty acid composition of the serum cholesterol 

esters. Diabetes 43, 1353-1357. 

Vessby, B., Uusitupa, M., Hermansen, K., Riccardi, G., Rivellese, A.A., Tapsell, L.C., 

Nalsen, C., Berglund, L., Louheranta, A., Rasmussen, B.M., et al. (2001). Substituting 

dietary saturated for monounsaturated fat impairs insulin sensitivity in healthy men and 

women: The KANWU Study. Diabetologia 44, 312-319. 



References 

	
- 201 - 

Viguerie, N., Poitou, C., Cancello, R., Stich, V., Clement, K., and Langin, D. (2005). 

Transcriptomics applied to obesity and caloric restriction. Biochimie 87, 117-123. 

Villaça Chaves, G., Pereira, S.E., Saboya, C.J., and Ramalho, A. (2008). Non-alcoholic 

fatty liver disease and its relationship with the nutritional status of vitamin A in 

individuals with class III obesity. Obes Surg 18, 378-385. 

Wang, B., Zhuang, R., Luo, X., Yin, L., Pang, C., Feng, T., You, H., Zhai, Y., Ren, Y., 

Zhang, L., et al. (2015). Prevalence of Metabolically Healthy Obese and Metabolically 

Obese but Normal Weight in Adults Worldwide: A Meta-Analysis. Horm Metab Res 47, 

839-845. 

Watson, G.S., and Craft, S. (2006). Insulin resistance, inflammation, and cognition in 

Alzheimer's Disease: lessons for multiple sclerosis. J Neurol Sci 245, 21-33. 

Weaver, K.L., Ivester, P., Seeds, M., Case, L.D., Arm, J.P., and Chilton, F.H. (2009). 

Effect of dietary fatty acids on inflammatory gene expression in healthy humans. J Biol 

Chem 284, 15400-15407. 

Weiss, T.W., Seljeflot, I., Hjerkinn, E.M., and Arnesen, H. (2011). Adipose tissue pro-

inflammatory gene expression is associated with cardiovascular disease. Int J Clin Pract 

65, 939-944. 

Whitmer, R.A., Gunderson, E.P., Barrett-Connor, E., Quesenberry, C.P., and Yaffe, K. 

(2005). Obesity in middle age and future risk of dementia: a 27 year longitudinal 

population based study. BMJ 330, 1360. 

Whitmer, R.A., Gunderson, E.P., Quesenberry, C.P., Jr., Zhou, J., and Yaffe, K. (2007). 

Body mass index in midlife and risk of Alzheimer disease and vascular dementia. Curr 

Alzheimer Res 4, 103-109. 

Whitney, A.R., Diehn, M., Popper, S.J., Alizadeh, A.A., Boldrick, J.C., Relman, D.A., 

and Brown, P.O. (2003). Individuality and variation in gene expression patterns in human 

blood. Proc Natl Acad Sci U S A 100, 1896-1901. 

Wickham, E.P., Stern, M., Evans, R.K., Bryan, D.L., Moskowitz, W.B., Clore, J.N., and 

Laver, J.H. (2009). Prevalence of the metabolic syndrome among obese adolescents 

enrolled in a multidisciplinary weight management program: clinical correlates and 

response to treatment. Metab Syndr Relat Disord 7, 179-186. 

Winblad, B., Palmer, K., Kivipelto, M., Jelic, V., Fratiglioni, L., Wahlund, L.O., 

Nordberg, A., Backman, L., Albert, M., Almkvist, O., et al. (2004). Mild cognitive 

impairment--beyond controversies, towards a consensus: report of the International 

Working Group on Mild Cognitive Impairment. J Intern Med 256, 240-246. 



Margalida Cifre. Doctoral thesis 

	 	 	
- 202 - 

Wright, C., Bergstrom, D., Dai, H., Marton, M., Morris, M., Tokiwa, G., Wang, Y., and 

Fare, T. (2008). Characterization of globin RNA interference in gene expression profiling 

of whole-blood samples. Clin Chem 54, 396-405. 

Wu, J., Zhang, Y., Liu, Q., Zhong, W., and Xia, Z. (2013). All-trans retinoic acid 

attenuates airway inflammation by inhibiting Th2 and Th17 response in experimental 

allergic asthma. BMC Immunol 14, 28. 

Yajnik, C.S., and Yudkin, J.S. (2004). The Y-Y paradox. Lancet 363, 163. 

Yamada-Goto, N., Katsuura, G., Ochi, Y., Ebihara, K., Kusakabe, T., Hosoda, K., and 

Nakao, K. (2012). Impairment of fear-conditioning responses and changes of brain 

neurotrophic factors in diet-induced obese mice. J Neuroendocrinol 24, 1120-1125. 

Yang, L., and Hotamisligil, G.S. (2008). Stressing the brain, fattening the body. Cell 135, 

20-22. 

Yasuda, K., Ohyama, K., Onga, K., Kakizuka, A., and Mori, N. (2013). Mdm20 

stimulates polyQ aggregation via inhibiting autophagy through Akt-Ser473 

phosphorylation. PLoS One 8, e82523. 

Zhang, H.Q., Lu, H., Enosawa, S., Takahara, S., Sakamoto, K., Nakajima, T., Saito, H., 

and Suzuki, S. (2002). Microarray analysis of gene expression in peripheral blood 

mononuclear cells derived from long-surviving renal recipients. Transplant Proc 34, 

1757-1759. 

Zhang, J., McKeown, R.E., Muldoon, M.F., and Tang, S. (2006). Cognitive performance 

is associated with macronutrient intake in healthy young and middle-aged adults. Nutr 

Neurosci 9, 179-187. 

Zhao, G., Etherton, T.D., Martin, K.R., Gillies, P.J., West, S.G., and Kris-Etherton, P.M. 

(2007). Dietary alpha-linolenic acid inhibits proinflammatory cytokine production by 

peripheral blood mononuclear cells in hypercholesterolemic subjects. Am J Clin Nutr 85, 

385-391. 

Zhu, L., Bisgaier, C.L., Aviram, M., and Newton, R.S. (1999). 9-cis retinoic acid induces 

monocyte chemoattractant protein-1 secretion in human monocytic THP-1 cells. 

Arterioscler Thromb Vasc Biol 19, 2105-2111. 

Ziegler-Heitbrock, H.W. (2000). Definition of human blood monocytes. J Leukoc Biol 

67, 603-606. 

Zipser, B.D., Johanson, C.E., Gonzalez, L., Berzin, T.M., Tavares, R., Hulette, C.M., 

Vitek, M.P., Hovanesian, V., and Stopa, E.G. (2007). Microvascular injury and blood-

brain barrier leakage in Alzheimer's disease. Neurobiol Aging 28, 977-986. 



References 

	
- 203 - 

 


