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Summary

Study of potential mechanisms involved in fat mass-lowering effects of conjugated 
linoleic acid and calcium in mice by focusing on gut microbiota, bone remodeling and 
epigenetic marks.

Obesity is currently increasing at an epidemic rate and is associated with a wide array of 
co-morbidities, such as metabolic syndrome, cancer and heart disease, among others. One of 
the approaches in order to tackle this issue is the identification of dietary factors which could 
be able to counteract the development of obesity. Within this context, our laboratory has 
previously carried out studies to determine the potentially beneficial effects of conjugated 
linoleic acid (CLA) and calcium on body weight loss and fat mass accretion, and has shown 
that supplementation with either of these compounds in mice under diet-induced obesity 
causes decreased weight gain and lower adiposity levels. The aim of this Thesis has been to 
study potential mechanisms by which these two compounds could act, by focusing on ones 
that to our knowledge have not been previously analysed: 1) the effect on gut microbiota; 2) 
the relationship between bone and energy metabolism; 3) their potential effect on key tissues 
and organs involved in energy metabolism; and 4) DNA methylation of genes of interest 
within this context. In line with the previous work done in our lab, the study was carried out 
in an animal model of adult mice receiving a high-fat (HF) enriched with CLA or calcium.

Results show that, on one hand, CLA stimulates the expression of gastric leptin and ghrelin 
and exerts a prebiotic action on specific bacteria in the caecum, particularly Bacteroidetes/
Prevotella and Akkermansia muciniphila. However, supplementation with this compound 
does not counteract the negative effect of a HF diet on Bifidobacterium spp., which was 
decreased in both groups. On the other hand, calcium has a similar effect, by also conferring 
a prebiotic effect, in particular on Bifidobacteirum spp. and Bacteroidetes/Prevotella, and by 
decreasing Clostridium spp. This modulation by calcium correlated with healthy metabolic 
parameters, suggesting that the effect observed on gut microbiota could partially explain the 
overall healthier metabolic profile of these animals. A faecal microbiota transplant, using 
faeces from calcium animals to animals receiving HF diet, revealed that a transplant alone is 
not able to confer the beneficial effects seen in the microbiota of animals from the calcium 
group. This suggests that calcium itself provides an adequate environment for the growth of 
the studied bacteria and without its presence such bacteria are not able to colonise the colon. 
Moreover, calcium supplementation contributes to the maintenance of bone mass, although 
effects are mainly seen when both CLA and calcium are co-supplemented, suggesting a 
beneficial effect of these two compounds on bone health in obesity treatment. A similar 
effect was observed when analysing the methylation profile of specific genes, which is 
significantly altered in a gene- and tissue-specific manner, in particular by calcium and co-
supplemented with CLA. The changes observed in DNA methylation profile, induced by 
dietary supplementation, were mainly seen in those animals which presented an overall 
healthier metabolic profile, introducing the need to consider the potential of epigenetic 
modulation strategies for obesity management. 
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Overall, this Thesis shows that a diet supplemented with calcium has beneficial effects 
on body weight and adiposity in mice, which could be mediated by the modulation of gut 
microbiota and the methylation profile of genes associated to lipid metabolism. In addition, 
combined treatment with CLA shows beneficial effects on bone mass and parameters 
associated with their formation.
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Resumen

Estudio de posibles mecanismos involucrados en los efectos sobre la adiposidad del 
ácido linoleico conjugado y el calcio en ratones, centrándose en la microbiota intestinal, 
la remodelación ósea y marcas epigenéticas.

En la actualidad, la prevalencia de la obesidad está creciendo de forma epidémica y global, 
asociada con una amplia gama de patologías, como el síndrome metabólico, el cáncer y las 
enfermedades coronarias, entre otras. Uno de los enfoques para hacer frente a este problema 
es la identificación de factores nutricionales que puedan ser relevantes para contrarrestar 
el desarrollo de la obesidad. Previamente, nuestro laboratorio ha realizado estudios para 
determinar los efectos potencialmente beneficiosos del ácido linoleico conjugado (CLA) 
y del calcio sobre la pérdida de peso y masa grasa corporal en ratones, y se ha visto que la 
suplementación con estos dos compuestos bajo una dieta obesogénica se acompaña de un 
menor aumento de peso y adiposidad. El objetivo de esta Tesis ha sido estudiar posibles 
mecanismos relacionados con la acción de estos dos compuestos, centrándose en elementos 
que no habían sido analizados anteriormente: 1) el efecto sobre la microbiota intestinal; 2) 
la relación entre el metabolismo óseo y energético; 3) su potencial efecto en los principales 
tejidos y órganos implicados en el metabolismo energético; y 4) la metilación del ADN en 
genes de interés. Siguiendo con la línea de investigación previamente iniciada en nuestro 
grupo, se trabajó en un modelo animal de ratones adultos a los que se suministró una dieta 
de alto contenido en grasa (HF) suplementada con CLA o calcio.

Los resultados muestran que, por un lado, el CLA estimula la expresión de leptina y 
grelina en estómago y además ejerce una acción prebiótica en bacterias específicas en el 
ciego, en particular sobre las especies Bacteroidetes/Prevotella y Akkermansia muciniphila. 
Sin embargo, la suplementación con este compuesto no pudo contrarrestar el efecto negativo 
de una dieta HF sobre Bifidobacterium spp., disminuida en ambos grupos. Por otro lado, 
el calcio tiene un efecto similar, confiriendo también un efecto prebiótico, en particular 
sobre Bifidobacteirum spp. y Bacteroidetes/Prevotella, además de disminuir Clostridium 
spp. Esta modulación por el calcio se correlaciona con parámetros metabólicos beneficiosos, 
sugiriendo que el efecto prebiótico observado sobre la microbiota intestinal podría explicar 
en parte el perfil más saludable observado en estos animales. Un trasplante de bacterias 
de origen fecal, usando heces de animales que recibían la dieta enriquecida en calcio, a 
animales sometidos a una dieta HF, puso de manifiesto que el trasplante por sí solo no es 
capaz de conferir los efectos beneficiosos sobre la microbiota observados en animales con 
dieta suplementada en calcio. Esto indica que el calcio en sí mismo debe proporcionar un 
sustrato adecuado, posibilitando el efecto prebiótico sobre las bacterias estudiadas y que 
sin su presencia dichas bacterias no pueden colonizar adecuadamente el colon. Por otra 
parte, el calcio contribuye al mantenimiento de la masa ósea, aunque los efectos se observan 
principalmente cuando el CLA y el calcio se suplementan a la vez, indicando un efecto 
beneficioso de ambos compuestos sobre la salud ósea durante el tratamiento de la obesidad.  
Un efecto similar se observa también en el perfil de metilación, que fue significativamente 
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alterado de forma específica al gen y al tejido estudiado, en particular por el calcio y en 
combinación con el CLA. El perfil de metilación del ADN inducido por  los compuestos 
estudiados, en animales adultos y que presentaban un perfil metabólico más saludable, 
introduce la necesidad de considerar la potencial modulación epigenética en las estrategias 
para el control de la obesidad. 

En definitiva, esta Tesis pone de relieve que una dieta suplementada con calcio ejerce 
efectos beneficiosos sobre el peso corporal y la adiposidad en ratones, que vendría mediado 
por la modulación de la microbiota intestinal así como del perfil de metilación de genes 
asociados al metabolismo lipídico. Además, el tratamiento conjunto con CLA muestra 
efectos beneficiosos sobre la masa ósea y parámetros relacionados con su formación.
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Resum

Estudi de possibles mecanismes involucrats en els efectes sobre l’adipositat del àcid 
linoleic conjugat i el calci en ratolins, centrant-se en la microbiota intestinal, la 
remodelació òssia i marques epigenètiques.

En l’actualitat, la prevalença de l’obesitat està augmentant de forma epidèmica i global, 
associada amb una àmplia gamma de patologies, com la síndrome metabòlica, el càncer i les 
malalties coronàries, entre d’altres. Una de les estratègies per a fer front a aquest problema 
és la identificació de factors nutricionals que puguin ser rellevants per a contrarestar el 
desenvolupament de la obesitat. Prèviament, el nostre laboratori ha realitzat estudis per a 
determinar els efectes potencialment beneficiosos de l’àcid linoleic conjugat (CLA) i del 
calci sobre la pèrdua de pes i de massa grassa corporal en ratolins, i s’ha observat que la 
suplementació amb aquests dos compostos sota una dieta alta en greix disminueix l’augment 
de pes i adipositat. L’objectiu d’aquesta Tesi ha estat estudiar possibles mecanismes 
relacionats amb l’acció d’aquests dos compostos, centrant-se en elements que fins ara 
no havien estat analitzats: 1) l’efecte sobre la microbiota intestinal; 2) la relació entre el 
metabolisme ossi i energètic; 3) el seu potencial efecte en els principals teixits i òrgans 
implicats en el metabolisme energètic; i 4) la metilació del ADN en gens d’interès. Seguint 
amb la línia prèviament iniciada en el nostre grup, l’estudi s’ha dut a terme en ratolins adults 
sota una dieta alta en greix (HF) i rebent una suplementació d’aquests dos compostos, el 
CLA i el calci. 

Els resultats mostren que, per una banda, el CLA estimula l’expressió de leptina i grelina 
a l’estómac i que exerceix una acció prebiòtica sobre bactèries de l’intestí, en particular sobre 
les espècies Bacteroidetes/Prevotella i Akkermansia muciniphila. Per altra banda, però, la 
suplementació amb aquest compost no va poder contrarestar l’efecte negatiu de la dieta HF 
sobre Bifidobacterium spp., que es trobava disminuïda en els dos grups. El calci va tenir un 
efecte similar, conferint també un efecte prebiòtic, en particular sobre Bifidobacteirum spp. 
i Bacteroidetes/Prevotella, a més a més de disminuir Clostridium spp. Aquesta modulació 
del calci es correlaciona amb paràmetres metabòlics beneficiosos, suggerint que l’efecte 
prebiòtic observat sobre la microbiota intestinal podria explicar, en part, el perfil més 
saludable observat en aquests animals. Un transplant de bactèries d’origen fecal, fent servir 
femtes d’animals rebent calci i transferint-les a animals que rebien una dieta HF, va posar 
de manifest que un transplant per si sol no es capaç de conferir els efectes beneficiosos 
sobre la microbiota observats en animals amb una dieta suplementada amb calci. Aquests 
resultats indiquen que el calci deu proporcionar un substrat adequat, possibilitant aquest 
efecte prebiòtic sobre les bactèries estudiades i que, sense la seva presència, aquestes no 
poden colonitzar adequadament el colon. D’altra banda, el calci contribueix al manteniment 
de la massa òssia, tot i que els efectes es van observar principalment quan el CLA i el calci es 
van suplementar a la vegada, indicant un efecte beneficiós dels dos compostos sobre la salut 
òssia en un context de pèrdua de pes. Un efecte similar s’observa en el perfil de metilació, 
que es trobava alterat de forma significativa i específica al gen i al teixit estudiat, en particular 
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per la suplementació del calci i en combinació amb el CLA. El perfil de metilació induït per 
els compostos estudiats, en animals adults i que presenten un perfil metabòlic més saludable, 
apunta la necessitat de considerar la potencial modulació epigenètica en les estratègies per 
al control de la obesitat. 

En definitiva, aquesta Tesi posa de manifest que una dieta suplementada amb calci 
exerceix efectes beneficiosos sobre el pes corporal i l’adipositat en ratolins, que vindrien 
mediats per una modulació de la microbiota intestinal així com del perfil de metilació de 
gens associats al metabolisme lipídic. A més a més, el tractament conjunt amb CLA mostra 
efectes beneficiosos sobre la massa òssia i sobre paràmetres relacionats amb la seva formació. 
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1.1. OBESITY

According to the World Health Organisation, obesity is defined as abnormal or excessive 
fat accumulation that presents a risk to health. It is caused by an increase in energy intake and 
a decrease in energy expenditure, coupled with the effects of lower physical activity, genetics 
and the environment, and has become a major health threat around the world, growing at an 
epidemic rate. Up until recently it was considered a problem mainly in Western societies, but 
it is currently on the rise in low- and middle-income countries (WHO·2013). Furthermore, 
the fact that obesity leads to metabolic defects which can result in an increased risk of 
type 2 Diabetes Mellitus, some types of cancer, fatty liver disease, hormonal imbalances, 
hypertension, cardiovascular disease and increased mortality, makes the need to understand 
the underlying mechanisms leading to excess weight somewhat essential to help prevent the 
development of these diseases (Swinburn et al., 2011). It must also be noted that it poses an 
important economic burden on the health care system, as well as resulting in lower economic 
efficiency (Withrow and Alter, 2011). Despite big efforts being put into reducing obesity, by 
either preventing and/or treating it, regarding research in diet, exercise, education, surgery 
and drug therapies, there is still no long-term solution to prevent this epidemic to continue to 
rise (Swinburn et al., 2011). In light of all the above mentioned, it is quite clear that there is 
an urgent need to identify the mechanisms leading to obesity in order to reduce its’ incidence. 

One of the main approaches at present is the identification of modifiable dietary risk 
factors at different stages of the life cycle, as it is thought that the lack or excess of certain 
nutrients could have an important effect on the development of obesity (Moreno and 
Rodriguez, 2007; Trigueros et al., 2013). The effect of particular nutrients, compounds and 
different dietary treatments on obesity is one of the main focuses of our laboratory. Among 
these, our research group has previously carried out studies to determine the potentially 
beneficial effects on body weight and fat mass accretion of conjugated linoleic acids (CLA) 
and calcium supplementation. These have shown that supplementation with either of these 
compounds in mice under diet-induced obesity modulates energy metabolism, causing 
weight loss and reducing adiposity levels (Parra et al., 2008; Parra et al., 2010a; Parra et al., 
2010b; Parra et al., 2010c; Laraichi et al., 2013).

 However, the exact mechanisms of their action are still unclear. Since obesity is a multi-
factorial disease, and changes occur in not one site of the body, but throughout, this Thesis 
undertakes a comprehensive, global approach in order to further characterise the potential 
fat mass-lowering effects of these two compounds, CLA and calcium, on specific organs and 
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metabolic mechanisms in an animal model. These include: the study the gastrointestinal tract 
(GI), including stomach proteins and caecum microbiota, that could be related with obesity; 
assessment of the relationship between bone and energy metabolism; characterisation of 
key tissues and organs involved in energy metabolism; and the study of DNA methylation 
of specific genes in liver and adipose tissue, in order to understand the potential epigenetic 
impact of calcium and CLA. 

The Thesis outline is summarised in Figure 1.1. 

1.1.1. Counteracting Weight Gain with Bioactive Compounds

Obesity is considered a multi-factorial disease and there are many contributors to excess 
body weight gain, such as a sedentary lifestyle, advanced technologies and diet. It seems that 
the lack or excess of certain nutrients could have an important effect on the development 
of obesity and that specific physiological functions in the organism could be modulated 
through food intake (Bonet et al., 2013; Trigueros et al., 2013). As above-mentioned, the 
study of nutrients and compounds within this context is one of the main focuses of our 
laboratory. Examples include, as well as CLA and calcium, studies on retinoic acid (Mercader 
et al., 2006; Mercader et al., 2008; Amengual et al., 2010), carotenoids (Bonet et al., 2013; 
Musinovic et al., 2014) and diets high or low in specific macronutrients (Diaz-Rua et al., 
2014; Llopis et al., 2014; Castro et al., 2015), among others.

Figure 1.1. Schematic diagram showing the organs and tissues and their potential relationship 
tackled in this Thesis. All have been shown to be involved in the regulation of energy balance and 
body weight, and the assessment of the influence of CLA and calcium presents a novel focus.
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A recent definition of bioactive compounds was adopted in 2009, being “essential and 
non-essential compounds that occur in nature, are part of the food chain and can be shown 
to have an effect on human health” (Biesalski et al., 2009), including vitamins, minerals, 
fibre, and phenolic compounds, amongst others, with proven health benefits (Liu, 2013; 
Trigueros et al., 2013). A recent review placed dietary calcium and CLA as two of these food 
ingredients that potentially have beneficial effects on body weight regulation (Trigueros et 
al., 2013), offering a potential dietary health strategy.

1.1.1.1. Conjugated Linoleic Acid

Dietary CLA refer to a mixture of geometric and positional isomers of linoleic acid with 
conjugated double bonds found mainly in ruminant meat and dairy products (Trigueros et 
al., 2013). It is estimated that the average intake of naturally occurring CLA from food is 
0.3g/day in Europe (van Poppel, 1998), whereas in the United States this is lower, ranging 
from 0.15-0.2g/day (Ritzenthaler et al., 2001), although these amounts vary between regions 
and dietary patterns.

CLA has been linked to the prevention of diseases such as cancer, atherosclerosis, 
diabetes and obesity in humans (Milner, 1999; Rainer and Heiss, 2004; Salas-Salvado et 
al., 2006). These beneficial attributes make CLA an interesting compound of study and lots 
of research has been carried out in order to elucidate its molecular mechanism of action. 
However, there is still no firm consensus on how it works, probably due to the different 
functionalities of the individual CLA isomers (Roche et al., 2002; Ecker et al., 2007). 

Effect of CLA on Body Weight and Body Fat

Growing research has shown that the isomers cis-9, trans-11-CLA and trans-10, cis-12-
CLA in particular play a major role in the regulation of body weight and body fat in animal 
studies (Park et al., 1997; West et al., 1998; West et al., 2000; Takahashi et al., 2002; Zabala 
et al., 2006; Park et al., 2007; Kanaya and Chen, 2010). In addition, there seems to be an 
isomer-specific effect of CLA regarding its fat mass lowering attributes, since trans-10, cis-
12-CLA has been suggested to be more effective at lowering adipose tissue than cis-9, trans-
11-CLA in animal models (Park et al., 1999; Navarro et al., 2003). However, other studies 
have pointed out that using a CLA mixture of these two isomers could reduce the negative 
effects associated with CLA supplementation (explained further in this section) [as reviewed 
by (Taylor and Zahradka, 2004)].

A number of rodent studies, mainly carried out in mice, have shown the ability of CLA 
to lower fat mass and increase lean body mass (Park et al., 1997; West et al., 1998; West 
et al., 2000; Takahashi et al., 2002; Zabala et al., 2006; Kanaya and Chen, 2010), giving 
support to its use in human obesity (McCrorie et al., 2011). This seems to be partially 
explained by less fat deposition, increased lipolysis (Azain, 2004) and fatty acid oxidation 
in adipocytes (Perez-Matute et al., 2007), as well as a reduction in energy intake/increase in 
energy expenditure (Park et al., 1997; So et al., 2009). However, adverse effects have been 
associated with CLA supplementation (mainly in mice), such as hyperinsulinaemia, insulin 
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resistance and lipotoxicity, particularly at high doses (being those that promote increased 
weight loss).

However, results obtained in human trials, even though they are still inconclusive, are 
more promising. Particularly, the adverse effects seen in animal models are not always present 
in humans (Larsen et al., 2003; Poirier et al., 2005; Syvertsen et al., 2007). Furthermore, 
some human studies have shown similar results regarding body weight loss and body fat 
accretion as those seen in mice (Blankson et al., 2000; Smedman and Vessby, 2001; Thom et 
al., 2001; Gaullier et al., 2007), whereas others show no differences [reviewed by (Wang and 
Jones, 2004)]. This discrepancy could be due to differences in the experimental design, such 
as the mix of isomers, the dose and duration of supplementation, as well as the individual 
characteristics of subjects. In particular, it seems that the main factor is the total amount 
of CLA given in studies, since in humans results are visible at long-term higher doses [as 
reviewed by (Kennedy et al., 2010) and there is still no consensus as to the adequate CLA 
amount for body weight loss. Regarding regulatory matters, the European Food Standards 
Agency (EFSA) Dietetic Products, Nutrition and Allergies Panel has acknowledged the 
lack of sufficient scientific evidence on this aspect (EFSA, 2010). Very recently, the panel 
has reported that the side-effects found associated with CLA treatments for obesity are not 
supportive of a beneficial physiological effect for the target population (EFSA, 2015).

1.1.1.2. Calcium

Calcium is the most abundant mineral in the body, found mainly in dairy products. It is 
involved in many physiological processes, and plays an essential role in bone structure and 
formation (de Oliveira Freitas et al., 2012). The dietary reference intake varies according 
to age, sex and physiological conditions, but in adulthood it stands at around 1000mg/day 
(Abrams, 2010; Ross, 2011).

Effect of Calcium on Body Weight and Body Fat

Among its beneficial functions, it has been shown to aid weight loss and be inversely 
correlated with body weight, body fat, body mass index and percentage of body fat (Zemel 
et al., 2000; Schrager, 2005; J Zhou, 2010; Soares et al., 2011). Zemel et al. in particular 
have carried out much work in this field, and have shown many beneficial effects on body 
weight and body fat associated with calcium supplementation using a transgenic animal 
model (with an over-expression of the agouti gene in adipocytes) (Sun and Zemel, 2004; 
Zemel et al., 2004; Bruckbauer and Zemel, 2009). Furthermore, other animal models have 
helped in the elucidation of the potential action of calcium, and two mechanisms have been 
suggested: an increase in fat oxidation, resulting in a less positive fat balance of up to 11% 
in abdominal fat (Gonzalez et al., 2012); and an increase in fat excretion, since unabsorbed 
calcium forms insoluble soaps with fatty acids in the gastrointestinal tract, which are then 
excreted (Christensen et al., 2009). 

In humans, there is still no consensus regarding the effects of calcium on body weight 
regulation. Some prospective trials have shown promising results (Dougkas et al., 2011; 
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Rosenblum et al., 2012; Zhu et al., 2013; Dugan et al., 2014); however, others have found no 
differences (Barr, 2003; Bortolotti et al., 2008), and therefore further studies in humans are 
needed to determine whether the source should be from dairy products or supplements, as 
well as the optimum doses (discussed in review (de Oliveira Freitas et al., 2012). Furthermore, 
although the mechanisms proposed could account for small weight losses, it would have a 
significant effect at the population level (Song and Sergeev, 2012; Soares et al., 2014). 

Our group has previously shown in mice (C57BL/6J) that moderate doses of an equimolar 
mix of the two main CLA isomers can reduce body fat content with minimum side-effects 
associated with high CLA intakes (induction of inflammatory factors in adipose tissue, 
glucose homeostasis and insulin sensitivity) (Parra et al., 2010a; Parra et al., 2010c). On the 
other hand, we have shown that a high-fat (HF) diet enriched with calcium compared to a 
non-calcium supplemented HF diet alone in mice reduces weight gain and fat deposition in 
adipose depots (Parra et al., 2008). Considering the above-mentioned, it was of the interest 
of our group to delve further into the potential mechanisms of both CLA and calcium on 
energy metabolism regulation, focusing on specific aspects that to our knowledge have not 
been previously considered. Furthermore, it was of interest to assess whether combined 
supplementation could provide an added value. 
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1.2. THE GASTROINTESTINAL TRACT

The gastrointestinal tract is the largest endocrine organ in the body, comprising the 
stomach and intestines, playing a central role in digestion but also in food intake regulation. 
During the obese state, the structure and function of the GI is altered; these changes, such as 
increased gastric emptying and/or gastric accommodation, and alteration of GI hormones and 
of the microbiome, can cause an imbalance and lead to weight gain (Acosta and Camilleri, 
2014). To determine potential reversal of these changes associated with compounds aiming 
to aid in sliming strategies is therefore of interest, as it could contribute to new preventative 
or curative therapies for obesity. 

The stomach is the first organ to receive the bolus of food and plays an essential role in 
the regulation of satiety perception and meal termination, and is the first organ to receive the 
bolus of food. Food is homogenised and partially digested in the stomach, and then emptied 
into the small intestine. This is considered to be the first limiting step of the digestive capacity 
of the GI and a relevant target for obesity research (Ariyasu et al., 2001; Stengel et al., 2010). 
Digested nutrients activate G-protein-coupled receptors on L-cells, stimulating the release of 
gut hormones, which will play an important part in the regulation of food intake and energy 
balance by acting on various brain hormones and neuropeptides (Sam et al., 2012).  

1.2.1. Potential Role of Stomach Proteins in Obesity

Both mechano- and chemoreceptors are involved in energy homoeostasis, which are 
activated during feeding and send signals to the brain. These actions are complemented 
by gut-derived proteins, which also play a significant part in the regulation of food intake. 
The GI synthesises and releases over 50 gut hormones and proteins, although only a few 
have been extensively researched regarding to obesity. To determine the expression of 
proteins associated with energy homoeostasis in the stomach could be a helpful step in the 
characterisation of the mechanisms of this organ in response to different states and diets. 
The idea of using gut hormones as a therapy for the treatment and prevention of obesity is 
relatively new, but initial studies show promising results (Neary and Batterham, 2009). To 
our knowledge, the potential effect of dietary CLA and calcium on gastric proteins has not 
been previously characterised.

Two gastric proteins have been extensively studied in recent years: ghrelin and leptin. 
Ghrelin acts as an orexigenic peptide and stimulates intake (Kojima et al., 1999; Stengel 
et al., 2010), the gastric mucosa being the primary organ responsible for circulating levels 
(Ariyasu et al., 2001), whilst leptin participates in the control mechanism of short-term 
intake (Bado et al., 1998; Cinti et al., 2001), having an opposing role to that of ghrelin.

Ghrelin is mainly present in X/A-like cells, but can also be found in other organs and 
tissues such as the duodenum, jejunum, colon, hypothalamus and pancreas (Date et al., 2002; 
Sato et al., 2005). It is secreted from the stomach, circulates in blood and acts on the central 
nervous system as a peripheral sign, in order to stimulate intake. The best known regulatory 
factor for ghrelin secretion is feeding: its circulatory levels increase during the fasting state 
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and decrease shortly after food intake. Its role in the aetiology of obesity is still not clearly 
understood, but it is considered a key player due to its ability to induce a positive energy 
balance state (Cummings, 2006).

On the other hand, leptin is mainly secreted by the adipose tissue (Frederich et al., 1995; 
Fain et al., 2004), but is also found in other sites, such as the stomach (Bado et al., 1998; 
Cinti et al., 2001). Several regulators influence the production of leptin, being stimulated 
by insulin and blood glucose, and inhibited by sympathetic activity, free fatty acids and 
catecholamines (Munzberg and Morrison, 2015). Circulating levels correlate positively with 
body mass index and adipose tissue. In obese states, defective transport of leptin across the 
brain blood barrier is observed, suggesting central leptin resistance, which could in turn 
contribute positively to obesity (Morton et al., 2006). Gastric leptin has also been suggested 
to play a role in the short-term control of food intake, in which high-fat feeding stimulates 
the gastric leptin signalling pathway (Sanchez et al., 2007).  

1.2.1.1. Other Stomach Proteins

Besides leptin and ghrelin, there are other gut hormones involved in energy regulation, 
such as pancreatic polypeptide, glucagon-like peptide 1, amylin and cholecystokinin [see 
review (Neary and Batterham, 2009)]. Furthermore, there are others which could potentially 
have an important role in obesity, but that have been less described. These include ghrelin 
o-acyltransferase (MBOAT4), resistin (RETN), G protein-coupled receptor 39 (GPR39), 
glucagon (GCG), glucagon receptor (GCGR), somatostatin (SST) and somatostatin receptor 
(SSTR). Therefore, their characterisation within this context could contribute to a better 
understanding of obesity (McKee et al., 1997; Dunphy et al., 1998; Nogueiras et al., 2003; 
Katayama et al., 2007; Nogueiras et al., 2007; Sakata et al., 2009; Kumar and Grant, 2010), 
making them an interesting target of study for this project. 

1.2.2. Gut Microbiota

In recent years, great interest has been put into the study of the gut microbiota. Humans 
harbour at least 100 trillion bacterial cells, known as the microbiota, and the genes they 
encode is known as the microbiome. Without the intestinal microbiota there is no human life, 
and more and more studies are showing that the microbiota plays an important role in health 
and disease, being coined as “the forgotten organ” (Clemente et al., 2012). Humans are 
therefore considered “supraorganisms” and have two sets of genes: our genome (encoding 
for approximately 23.000 genes) and our microbiome (~3 million genes). Around 50% of 
our faecal mass is made up of bacterial cells, and we have a total of 1.5 kg of bacteria in our 
intestine alone (Zhao, 2013).

Two main large-scale projects have been carried out to study the microbiome, the Human 
Microbiome Project (funded by the National Institute of Health) and the MetaHIT (funded by 
the European Commission). The aim of the former project was to characterise the microbial 
population of various body sites (gastrointestinal, urogenital, oral, skin and nasal passages), 
whereas the aim of the latter focused on the study of a possible relationship between gut 
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microbiota and disease, especially obesity and irritable bowel syndrome. Thanks to these 
and other studies, it has been determined that there are three main components that affect 
bacterial composition in a given individual: genetics, environment and diet (Clemente et al., 
2012). 

On one hand, the genetic make-up of the individual is essential in the establishment and 
shaping of the gut microbiota and it is seen that across populations there is a shared core of 
bacteria (Figure 1.2.). 

This includes the two phyla Bacteroidetes and Firmicutes, being the members that mostly 
dominate the intestinal tract, followed by Actinobacteria and Proteobacteria. It was thought 
that individuals could be categorised into three enterotypes based on the dominant genera 
(Bacteroides, Prevotella or Ruminococcus) (Arumugam et al., 2011), although failure to 
prove this hypothesis in some studies has led to the new idea of studying individual species’ 
functionality (Power et al., 2014), in order to define and classify enterotypes (Jeffery et al., 
2012; Koren et al., 2013).

On the other hand, environment (such as delivery mode, antibiotic exposure and 
stress) and diet can also condition the microbial make-up of an individual. As we change 
and develop from childhood to adulthood, so does our microbiota. It is thought that the 
foetus is sterile and that colonization starts at birth through the vaginal passage, although 

Figure 1.2. Phylogenetic tree of the most important microbial taxa in the human intestinal tract, 
indicating their relative contributions [adapted from (Diamant et al., 2011)].
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this hypothesis has been questioned since bacteria have been found in new-born meconium 
(Jimenez et al., 2008). It is important to point out that delivery mode is crucial at determining 
the establishment of the first bacterial community. Caesarean born children make their first 
contact with maternal intestinal bacteria instead of vaginal bacteria, which has been proposed 
to contribute to a variety of conditions, including allergies, asthma, type 1 diabetes mellitus 
and obesity (Bager et al., 2008; Cardwell et al., 2008; Thavagnanam et al., 2008; Mesquita 
et al., 2013). The fact that caesarean sections are increasing in many countries (Betran et al., 
2007) should therefore be taken into consideration. Colonization and diversification last for 
the first two years of life approximately, and then the microbiota becomes stable for most 
adulthood, interrupted only by severe diet changes or the use of antibiotics. During old age, 
the GI microbiota becomes again less diverse and similar to that of an infant (Power et al., 
2014). 

1.2.2.1. Gut Microbiota in Health, Disease and Obesity

The role of the microbiota in human health is of growing interest, as it is being shown that 
intestinal microbiota carries out a number of important functions in the organism which are 
not coded in the human genome, including the processing of non-digestible polysaccharides 
from the diet, the synthesis of vitamins and the production of energy contributing to the 
maintenance of intestinal homeostasis (Cani and Delzenne, 2009; Martens et al., 2009; Paliy 
et al., 2009). Studies indicate that a high diversity is the key feature of the microbiota in 
healthy individuals, which can be altered by diet, infections and/or antibiotics (de Vos and 
Nieuwdorp, 2013).

With this in mind, many studies are being carried out in order to establish what is 
considered a healthy microbiota, and what diseases dysbiosis can lead to. To name some, 
we find cardiovascular disease, colon cancer, non-alcoholic fatty liver disease, metabolic 
syndrome and obesity (Wang et al., 2011; Tremaroli and Backhed, 2012; Vipperla and 
O’Keefe, 2012; Knaapen et al., 2013). 

Gut microbiota is significantly altered in obese states and diabetes (Blaut, 2014; Tai et 
al., 2015; Villanueva-Millan et al., 2015), seen in both humans and animal models, sharing a 
common trait: less bacterial diversity. Obesity and associated disorders are usually linked to 
the intake of Western diets, and therefore it is thought that their onset could be due to a diet-
microbiota interaction (Lozupone et al., 2012). From the very beginning, intestinal bacteria 
plays an important role in the modulation of processes such as cellular differentiation, and it 
is thought to mediate many of the effects diet has on health. Among other metabolic effects, 
microbiota in obese subjects has been associated with higher energy harvesting capacity, 
increased adipogenic and lipogenic pathways and changes in intestinal chemosensory 
function (Duca et al., 2013). Considering that over 60% of our gut bacteria cannot be isolated 
and cultivated (anaerobic bacteria and/or unknown culture conditions), they still have not 
been fully sequenced and therefore their metabolic potential and capacity to interact with the 
host and nutrients is yet to be determined, although the relationship between gut microbiota 
and obesity (and related metabolic disturbances) is of great interest (Caesar et al., 2010). 
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In the last few years, significant observations have been made using rodent models, such 
as that germ-free mice weigh less than normal mice (i.e. mice with bacteria) and that these 
sterile animals are resistant to diet-induced obesity, suggesting less glucose is absorbed and 
less short chain fatty acids are produced in the intestinal lumen. This animal model also 
shows less hepatic lipogenesis, an increase in the oxidation of fatty acids and a decrease 
in the deposition of triglycerides in adipocytes (Caesar et al., 2010). Furthermore, human 
studies have shown that in obese states, bacterial diversity is lower and microbiota profile 
altered (Ley et al., 2006; Armougom et al., 2009; Ley, 2010; Zhao, 2013).

Not only does obesity present lower gut bacteria diversity, but it has also been shown that 
obese mice can extract energy from food more readily than their controls due to microbial 
dysbiosis. This results in an increase of the expression of genes related to the metabolism of 
polysaccharides, which are channelled into energetic storage (Clemente et al., 2012). Certain 
bacteria which are increased in disease states have a higher capacity of extracting energy 
from otherwise indigestible polysaccharides, causing an increase in bacterial fermentation. 
The products of this process are mainly short chain fatty acids (acetate, propionate and 
butyrate are the most studied) and can have an effect on host energy metabolism and promote 
lipid storage (Gao et al., 2009; Remely et al., 2014). Additionally, obese subjects present 
higher levels of postprandial plasma levels of bacteria-derived proteins (mainly endotoxins 
or lipopolysaccharides (LPS)), due to increased intestinal permeability (Amar et al., 2008; 
Teixeira et al., 2012).

Therefore, there is growing evidence that adequate manipulation of the gut microbiota 
could have a beneficial effect on energy metabolism regulation and human trials have started 
taking place in the form of faecal microbiota transplants (FMT). The use of FMT for the 
treatment of certain diseases has recently generated a lot of interest, even though it is not 
a new concept. The earliest record of this method goes back to 2000 years ago in China, 
where it was used to treat food poisoning and diarrhoea (Zhang et al., 2012b), and it was first 
published in current medicine in 1958 as a treatment for enterocolitis (Eiseman et al., 1958). 
In the last few years, it has generated great interest as a potential tool to treat Clostridium 
difficile infections, as well as other GI conditions, such as inflammatory bowel disease and 
Crohn’s disease and, more recently, metabolic diseases [see recent review (Borody et al., 
2014)]. In short, the studies carried out show that obese volunteers receiving gut microbiota 
from lean individuals presented better insulin sensitivity in plasma (Vrieze et al., 2010; 
van Nood et al., 2014). Though much more research is needed regarding gut microbiota 
composition, the overall effect of this therapy and how it would be regulated, it sheds some 
light on a potential new treatment for obesity and associated metabolic disorders.

1.2.2.2. Effect of Diet on Microbiota 

Although it is clear that diet can have an effect on microbiota, especially seen in 
animal models, it is still being debated whether the negative effects on energy regulation 
and metabolism described above are exclusively due to diet, metabolic phenotype or 
both (Clemente et al., 2012). Despite faecal transplants having shown promising results 
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in humans, they cannot be considered the solution for the whole population and therefore 
dietary therapy is being extensively studied in both animal models and humans (Zoetendal 
and de Vos, 2014).

Most studies are focused on the effect of both Western diets (high in fat and protein) 
and more traditional diets (rich in carbohydrates), as well as on specific foods. For example, 
high-fat feeding is associated with a decrease in bacterial diversity, lowering species such 
as Bifidobacteria (Cani et al., 2007a; Cani et al., 2007b; An et al., 2011), whereas other 
dietary interventions, such as the use of fructans, increase Bifidobacteria numbers (Cani 
et al., 2009). Also, Prevotella is found to be predominant in individuals with high-fibre 
and high-carbohydrate diets (Schnorr et al., 2014). Furthermore, prebiotics have been used 
as modulators of autochthonous microbiota in obesity to tackle low-grade inflammation 
(Dewulf et al., 2013). 

Various studies have been done in animals to look into the effects diet has on microbial 
composition. For example, regarding the effects of Westernised diets, gnotobiotic mice were 
switched from a low fat, rich in plant polysaccharides diet to a diet high in fat and sugar and 
low in plant polysaccharides. Mice on the latter diet showed an increase in Firmicutes and a 
decrease in Bacteroidetes in just one day (Turnbaugh et al., 2009); high sucrose diets have 
also been shown to cause shifts in microbiota composition (Etxeberria et al., 2015b); another 
study showed that obese mice receiving prebiotics had less plasma LPS due to changes in 
microbiota composition (Cani et al., 2009). Others have shown the negative impact of high-
fat feeding by lowering Bifidobacteria (Cani et al., 2007b; An et al., 2011; Neyrinck et al., 
2011; Cano et al., 2013) and increasing bacteria from the Firmicutes group, which positively 
correlate with body weight and fat (Nadal et al., 2009; Santacruz et al., 2010; Parks et al., 
2013). While these results are interesting and help shed some light on possible mechanisms 
on how the microbiota works, it is difficult to apply them to humans due to their artificial 
nature.

Studies in humans have shown big differences when comparing the microbiota 
composition of people living in Western countries to those living in developing ones 
(Yatsunenko et al., 2012; Ou et al., 2013), suggesting diet as a main modulator, as well as 
other environmental factors. Diets low in fat and weight loss have been reported to increase 
the Bacteroidetes:Firmicutes ratio (Ley et al., 2006; Faith et al., 2013), and calorie restriction 
in obese and overweight subjects increases microbial richness, correlated to improved 
metabolic parameters (Cotillard et al., 2013; Le Chatelier et al., 2013). Differences have also 
been seen between vegans, vegetarians and omnivores (Zimmer et al., 2012). In addition, 
it has been observed that diet is the main modulator of microbiota profile in the elderly 
(Claesson et al., 2012). Therefore, taking this into consideration, it seems that long-term 
dietary pattern could be a relevant driving force in the microbial ecology of the intestine 
(Walter and Ley, 2011). 

Other factors should be considered when looking at the impact of diet, such as pH 
(Duncan et al., 2009) and transit rate (Kashyap et al., 2013). Overall, these studies give us an 
idea that dietary adaptations could lead to maintenance of gut health and therefore promote 
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energy balance. Although more and more studies are being carried out looking at the effect 
of specific foodstuffs and compounds on individual species [for example, a recent study 
done with resveratrol and quercetin (Etxeberria et al., 2015a)], to our knowledge neither 
CLA nor calcium have been characterised in this context.
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 1.3. THE SKELETON AS AN ENDOCRINE ORGAN
Until recently, three main functions were attributed to bone: locomotion, organ protection 

and calcium-phosphorus homeostasis. Maintenance of good bone quality has been crucial 
for survival, and therefore bone tissue renews itself constantly in order to repair damage. 
With aging, this maintenance system can be altered and osteoporosis can appear, a disease 
that leads to increased susceptibility to fractures, reduced mobility and poorer quality of life 
(Confavreux, 2011). The human skeleton is maintained through the coordinated activities 
of osteoblasts (bone-forming cells, also known as osteoblast lineage cells) and osteoclasts 
(with a bone-resorbing role). Up until now, it was thought that the function of these 
osteoblast lineage cells was mainly to build the skeleton, although recently data is emerging 
to support further roles for these cells (Long, 2012). Bone remodelling is an active process 
which requires a large amount of energy. This idea, together with the fact that obesity has a 
protective effect on osteoporosis and that osteoblasts participate in glucose metabolism and 
the male reproductive system, led to the hypothesis that energy metabolism, reproduction and 
bone mass may be regulated by a common hormonal system (Confavreux, 2011). Figure 1.3. 
summarises the current knowledge on the relationship between the skeleton and endocrine 
regulation of energy metabolism target organs. 

Figure 1.3. Proposed endocrine regulation of energy metabolism by the skeleton. Main target 
organs and molecular factors are depicted [adapted from (Schebendach et al., 2008)]. 
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1.3.1. The Role of Osteocalcin in Energy Metabolism     
      Regulation 

Recent studies have suggested that the skeleton should be considered an endocrine organ 
because of its close relationship with energy, glucose and fat metabolism. Further studies 
on this subject proved that leptin, which appeared in evolution together with the skeleton, 
is involved in the regulation of bone remodelling [see review (Ferron and Lacombe, 
2014)]. Extensive work on this subject has shown that leptin acts as an inhibitor of bone 
mass accrual in both humans and rodents, by reducing bone formation and increasing bone 
resorption (Karsenty, 2011; Karsenty and Ferron, 2012). This work led to the thought that 
bone cells may also secrete hormones and express genes and receptors implicated in energy 
metabolism, one of them being osteocalcin (OC).

The first evidence that linked bone and energy metabolism was the observation that 
in osteocalcin knock-out mice models, animals presented higher amounts of visceral fat. 
Osteocalcin is an osteoblast-specific, non-collagenous, vitamin K-dependent molecule that 
is used as a biochemical marker in plasma of bone formation processes and is active in its 
undercarboxylated form (uOC). Its role, though, is still not fully understood. Osteocalcin is 
not required for bone formation because OC-/- mice have increased bone density, and it has 
been suggested that this hormone’s function may be to inhibit mineralization (Ferron and 
Lacombe, 2014).

 Animal studies have shown that osteocalcin appears to function as a hormone which 
alters pancreatic β-cell proliferation, insulin expression and production, and is associated 
with hyperglycaemia and changes in energy expenditure (Ferron et al., 2008; Hinoi et al., 
2008; Wei et al., 2014), as well as in adiponectin expression in white adipose tissue (WAT), 
although it is still unclear which of the forms of osteocalcin has these specific effects (Ferron 
and Lacombe, 2014).

Human studies have shown that subjects which present obesity and/or metabolic 
syndrome have lower concentrations of osteocalcin in serum, being negatively associated 
with body weight, body mass index (BMI), fasting triglycerides, plasma glucose, insulin 
and HOMA-IR (Homeostatic Model Assessment for Insulin Resistance) (Kanazawa et al., 
2011; Pollock et al., 2011; Bullo et al., 2012; Gower et al., 2013). A large epidemiological 
study found that osteocalcin levels were negatively correlated with fasting blood glucose in 
non-diabetic individuals (Leslie et al., 2008). Most of these studies, however, did not take 
into account uOC levels or the effect of vitamin K status (essential for the carboxylation of 
osteocalcin), but give support to the idea that bone and energy metabolism are co-regulated. 

Esp is one of the few genes expressed exclusively in osteoblasts. Found in mice, it 
encodes a signalling protein named osteotesticular protein tyrosine phosphatase (OST-PTP), 
which is a negative regulator of osteocalcin secretion in bones and inhibits osteocalcin 
decarboxylation (Ducy, 2011). Esp-/- knock-out mice show a 60–300% increase in pancreatic 
β-cell proliferation and increased β-cell mass, suggesting that this gene is somehow involved 
in the negative regulation of these pancreatic processes (Ferron et al., 2010). OST-PTP 
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expression on bone has been positively associated with plasma glucose and HOMA index in 
animal models (Woo et al., 2007; Ferron et al., 2010). Nevertheless, it must be noted that a 
homolog gene for Esp has not yet been found in humans and evidence is still needed to prove 
that this regulation also occurs in humans (Fulzele et al., 2010).

1.3.2. The Role of Leptin in Bone Metabolism Regulation

Until now, leptin was traditionally associated with appetite and reproduction but it 
was recently suggested as being the hormonal link between bone remodelling and energy 
metabolism. One of the main reasons for this assumption is that leptin did not appear in 
evolution together with appetite, energy expenditure or reproduction - it appeared together 
with the skeleton, suggesting that it was created during evolution to allow co-regulation 
of bone mass and energy metabolism in the same direction (Karsenty and Oury, 2010). 
Karsenty and his laboratory have also shown over the years that leptin is tightly related to 
bone metabolism. They have proved that leptin is a strong inhibitor of bone mass accrual in 
human and murine models, by inhibiting bone formation and increasing bone resorption, and 
that this occurs via neuronal relay (Karsenty, 2011; Karsenty and Ferron, 2012). Also, the 
high bone mass observed in animals lacking leptin (ob/ob mice) and the fact that leptin is a 
vertebrate invention all suggest that bone was a target for this hormone (Ducy et al., 2000; 
Elefteriou et al., 2004).

Leptin exerts the opposite effect of osteocalcin, by signalling through a central relay 
to brainstem neurons to inhibit serotonin production and release (Ducy et al., 2000). It has 
also been shown to act on the periphery, where receptors have been described (Casanueva 
and Dieguez, 1999; Enjuanes et al., 2002; Lee et al., 2002; Kapur et al., 2010). Early in 
vitro studies described that this inhibitory effect was carried out through a hypothalamic 
relay action via adrenergic receptor beta 2 (ADRB2) (Ducy et al., 2000), but more recent in 
vivo studies have shown that bone expresses both leptin and its receptor (Kume et al., 2002; 
Lee et al., 2002; Yagasaki et al., 2003), suggesting a more direct action of leptin on bone 
metabolism. 

1.3.2.1. Other Key Players in the Energy-Bone Endocrine Regulation
Insulin receptor (INSR), a tyrosine kinase, is involved in the regulation of insulin 

signalling in skeletal muscle and white adipose tissue (Ramalingam et al., 2013), although 
mice lacking INSR in these tissues are not glucose intolerant (Bruning et al., 1998; Bluher et 
al., 2002), suggesting that insulin acts elsewhere to regulate glucose homeostasis. 

Amongst other cell types, Insr has been found to be expressed in osteoblasts, where 
it seems to regulate the signalling of these cells and the expression of osteocalcin (Long, 
2012). Mice lacking insulin receptor in osteoblasts (Insrosb

-/-) showed glucose intolerance and 
insulin resistance when on a normal diet (Fulzele et al., 2010), as well as less bone formation 
(Long, 2012), which adds to the evidence that bone is involved in glucose and energy balance. 
Receptor tyrosine kinases are often inhibited by protein tyrosine phosphatases (Schlessinger, 
2000), and considering that OST-PTP is a tyrosine phosphatase, it is hypothesised that INSR 
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could be one of its substrates (Ferron et al., 2010). Considering all this, the idea put forward is 
that insulin signals to osteoblasts through their INSR, which is, in turn, negatively regulated 
by OST-PTP. This endocrine loop leads to an increase in bone resorption by osteoclasts and 
promotes decarboxylation of osteocalcin, which also, in turn, causes bone formation. Leptin 
is the hormone in charge of hampering this process (Karsenty and Ferron, 2012).

Another energy-related hormone which has been associated with bone metabolism 
is adiponectin. Adiponectin is a cytokine secreted by adipocytes with anti-inflammatory 
effects, is mainly linked to WAT and plays an important regulatory role in lipid and 
glucose metabolism (Yamauchi et al., 2003; Yamauchi and Kadowaki, 2008; Yamauchi and 
Kadowaki, 2013). 

There is little literature on the role of this adipokine in bone metabolism and what 
does exist is conflicting. In animal models, it has been reported that osteocalcin promotes 
the secretion of both adiponectin and insulin in adipocytes (Ferron et al., 2008). Also, 
adiponectin receptors have been identified on osteoblasts (Shinoda et al., 2006), suggesting 
adiponectin acts locally, and, therefore, it would be expected that this hormone increases 
bone mass in vivo, but studies in mice have been inconsistent (Oshima et al., 2005; Shinoda 
et al., 2006; Reid, 2010). It is thought that adiponectin regulates bone turnover via receptor 
activator of nuclear factor-B ligand which reduces expression of osteoprotegerin (Luo et al., 
2009; Register et al., 2013), and promotes bone formation. On the other hand, another study 
showed a negative relationship between serum adiponectin and bone formation (Lenchik 
et al., 2003). In addition, adiponectin receptors also seem to play an important role in bone 
metabolism (Berner et al., 2004; Shinoda et al., 2006) and a recent study concluded that 
adiponectin receptor 1 (ADIPOR1) is a key factor in bone homeostasis (Lin et al., 2014).         

1.3.3. Impact of Diet on Bone Metabolism

Although it is well established that excessive calorie intake leads to increased body mass 
and consequently increased bone formation (mechanical loading) (Ehrlich and Lanyon, 
2002), adverse effects of obesity on bone are also apparent in humans (Goulding et al., 2000; 
Hsu et al., 2006; Pollock et al., 2007). 

Animal evidence has shown that a high-fat diet can affect bone remodelling and 
mineralisation (Parhami et al., 2001; Cao et al., 2010). One study reported that mice fed 
a high-fat diet had less osteocalcin levels in plasma, suggesting less bone formation (Cao 
et al., 2010), in accordance with another study which found that high-fat feeding induced 
inhibitory bone formation reactions and impaired bone antioxidant system (Xiao et al., 2011).

These findings are consistent with those reported in humans, in which there is an inverse 
relationship between osteocalcin and fat mass (Kindblom et al., 2009), and epidemiological 
data indicates that dyslipidaemia is a risk factor for osteoporosis (Parhami et al., 2000). 
Many bone diseases, such as osteoporosis, are often seen in individuals suffering from 
gastrointestinal disorders and dietary modifications are a common recommendation for the 
prevention of osteoporosis, in particular calcium and vitamin D supplementation (Rodriguez-
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Bores et al., 2007; Miheller et al., 2010). Much work has therefore been done in order to 
establish prevention therapies. 

In the specific context of this Thesis, a number of studies have been carried out using 
both CLA and calcium to observe their potential effect on bone metabolism. However, these 
have been mainly done in either cell cultures (Fulzele et al., 2010; Kim et al., 2013b) or 
in ovariectomised mice (Park et al., 2013b; Rahman et al., 2014). Interestingly, beneficial 
effects regarding postmenopausal bone loss and osteoporosis prevention have been described, 
in particular in co-supplementation. Considering we have previously shown that CLA and 
calcium have weight loss-promoting effects, we planned to determine whether an effect on 
bone metabolism would be observed in mice under supplementation. 
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1.4. METABOLICALLY ACTIVE TISSUES INVOLVED IN 
ENERGY HOMEOSTASIS

Many tissues and organs are involved in energy homeostasis, including those considered 
to be more traditional and others that are of recent interest, such as the gut microbiota and the 
skeleton. Regarding the main tissues involved in energy homeostasis, the effects of dietary 
treatment on white adipose tissue and liver were of interest, given the potential cross-talk 
with the other organs studied. 

1.4.1. Liver

The liver is a metabolic and endocrine visceral organ which carries out many crucial 
functions and metabolically connects various tissues, including adipose tissue and skeletal 
muscle (Rui, 2014). It is considered a key organ regarding lipid management and energy 
storage and if it does not correctly regulate lipid and glucose metabolism, it can lead to 
detrimental consequences such as obesity and insulin resistance (Brock and Dorman, 2007). 
A number of liver abnormalities are associated with the obese status, known as non-alcoholic 
fatty liver disease, characterised by steatosis and steatohepatitis (inflammation). 

Ingested carbohydrates, lipids and proteins are absorbed into the bloodstream and 
transported to the liver. There, glycogen is produced from glucose, free fatty acids are 
esterified to make triacylglycerols (TG) and amino acids are used for the production of several 
bioactive molecules. During fasting, glucose and TGs are then oxidised in the mitochondria 
in order to provide fuel. Energy metabolism in this organ is, therefore, tightly controlled and 
it has been shown that nutrients, among other signals, can regulate it (Rui, 2014).

Regarding glucose homeostasis in particular, liver carries out the production of this 
bioactive molecule through glycogenolysis and gluconeogenesis in the fasted state. 
Furthermore, the liver is responsible for glucose uptake and storage during the fed state, 
thanks to the action of insulin and glucose, and the up-regulation and down-regulation of 
specific genes. Although carbohydrates are mainly used for fuel, when they are abundant 
they are also converted into fatty acids, which are esterified with glycerol 3-phosphate to 
produce TGs, or together with cholesterol to generate cholesterol esters. These are then 
stored as either lipid droplets within hepatocytes or secreted into circulation, mainly in the 
form of very low density lipoproteins (VLDL) (Rui, 2014). Examples of genes involved in 
these processes are phosphoenolpyruvate carboxykinase (Pck1), peroxisome proliferator-
activated receptor alpha (Pparα) and carnitine palmitoyl transferase 1 and 2 (Cpt1 and Cpt2), 
which are up-regulated during the fasted state, whereas in the fed state acetyl-coenzyme A 
carboxylase (Acc) and fatty acid synthase (Fasn) are activated, among many others (Collier 
and Scott, 2004). 

In terms of lipid metabolism, when dietary fat is ingested it is converted to TGs by 
enterocytes and secreted into the gut as chylomicrons. These arrive at the skeletal muscle 
and adipose tissue where non-esterified fatty acids (NEFAs) are released by a process 
mainly mediated by endothelial lipoprotein lipase. Then, these free fatty acids are either 
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stored, mainly in adipose tissue, or oxidised depending on the energy demand. Remnant 
chylomicrons are then captured by liver, which together with cholesterol and TGs produced 
by de novo synthesis in the liver form VLDL. These are then secreted into circulation and 
allow for specific delivery of fatty acids to the rest of the organs. Bloodstream metabolism of 
lipoproteins involves low density lipoproteins (LDL), which transport cholesterol to tissues, 
and high density lipoproteins (HDL), which remove excess cholesterol from tissues and 
transport it to the liver, which can then excrete it in the form of bile acids (Rui, 2014).

An important player involved in lipogenesis is stearoyl-CoA desaturase (SCD1), the 
rate-limiting enzyme which de-saturates long chain fatty acids to produce mono- and 
polyunsaturated ones. Deletion of this specific gene has been seen to protect against diet-
induced obesity and hepatic steatosis (Cohen et al., 2002; Flowers et al., 2007). Members of 
the sterol regulatory binding protein family (SREBF-1a, -1c and -2) are also tightly involved 
in lipid metabolism; SREBF-1C and SREBF-2 in particular are abundant in the liver and 
activate the genes that control fatty acid and TG synthesis, as well as those in control of 
cholesterol biosynthesis, respectively (Horton et al., 2002). 

1.4.1.1. The Potential Implication of Gut Microbiota in Liver Metabolism

Considering that the liver’s blood supply comes from the portal vein, it is constantly 
exposed to gut- and microbial-derived by-products, suggesting the gut microbiota can 
influence the function of this organ. 

One of the main pathogenic molecules produced by bacteria is LPS, with the potential 
to activate the synthesis of pro-inflammatory cytokines which can induce liver damage 
(Minemura and Shimizu, 2015). Furthermore, changes induced in microbiota composition, 
which can alter the permeability of the intestinal walls, could lead to complications of the 
liver (Ersoz et al., 1999). Another of the bi-products of microbiota metabolism are short 
chain fatty acids, derived from anaerobic bacteria fermentation, which are considered 
another potential link between gut microbiota and tissues (Vinolo et al., 2011), and that at 
certain concentrations in the GI tract and blood could lead to, or prevent, certain diseases 
such as obesity, cancer and diabetes (Murphy et al., 2010; Schwiertz et al., 2010). Suggested 
mechanisms of action are inhibition of lipolysis and reduction of plasma levels of fatty acids, 
among others (Hong et al., 2005; Ge et al., 2008). 

Given diet is one of the most important factors affecting microbial composition (as 
explained in section 1.2.2.2. Effect of diet on microbiota) this has led to an interest in the use 
of probiotics and prebiotics in preventing detrimental liver conditions (Park et al., 2013a; 
Chen et al., 2014).

1.4.2. White Adipose Tissue

White adipose tissue is a large energy reserve which is divided into subcutaneous and 
visceral fat depots throughout the body, which are then further classified in terms of their 
location. Adipose tissue is not only a storage organ, but it is also known for its metabolic and 
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endocrine functions, and secretes a variety of hormones involved in various physiological 
functions, such as nutrient metabolism. 

Epididymal white adipose tissue (eWAT) is found in the visceral depots, and fat storage 
takes place in the form of TGs in adipocyte lipid droplets. These TGs originate from fatty 
acids, which may derive from diet or de novo synthesis. On the other hand, free fatty acids 
are released in times of starvation or exercise and are supplied to the other organs as energy 
fuel. Therefore, adipose tissue is tightly involved in both lipolysis and lipogenesis, two 
essential pathways in lipid metabolism (Bjorndal et al., 2011). 

During the fasted state, an increase in lipolysis occurs in WAT, where TGs are hydrolysed 
by hormone sensitive lipase (LIPE) and adipose triglyceride lipase (ATGL) to produce fatty 
acids and glycerol, which are released into circulation as a source of energy. Alterations 
in this process are often associated with conditions such as obesity, since an increase in 
the rate of this pathway may lead to insulin resistance (Duncan et al., 2007). On the other 
hand, lipogenesis refers to the production of fatty acids and TGs and, as seen in liver, key 
genes involved in the process include Acc and Fasn, which are in turn regulated by SREBF, 
a transcription factor down-regulated by low levels of circulating insulin (Kersten, 2001; 
Palou et al., 2009). Other adipogenic genes include peroxisome proliferator-activated 
receptor gamma (Pparγ) and glucose transporter 4 (Slc2A4), among many others (Makki et 
al., 2013). 

As above-mentioned, during food intake, fat storage takes place in the form of TGs, 
whereas in a fasting situation, fat mobilisation occurs. In order to regulate this mechanism, 
adipocytes secrete a large number of adipokines which are involved in energy metabolism 
regulation, the main ones being leptin (Zhang et al., 1994; Cinti, 2001) and adiponectin, as 
well as resistin and retinol binding protein 4 (Fliers et al., 2003; Makki et al., 2013). Leptin 
is involved in energy homeostasis and acts by decreasing appetite, as well as increasing fat 
oxidation in tissues such as liver, adipose tissue and skeletal muscle. Plasma leptin levels are 
positively correlated with body fat, and therefore increased plasma levels are associated with 
obesity (Campfield et al., 1995; Friedman and Halaas, 1998), playing a crucial role in body 
weight control, relaying information on fuel availability to the central nervous system (Pang 
and Han, 2012). On the other hand, adiponectin is inversely correlated to insulin resistance 
and obesity, has an anti-inflammatory effect and decreases fatty acid oxidation and glucose 
uptake in adipocytes (Lihn et al., 2005; Ghoshal and Bhattacharyya, 2015). 

Furthermore, it has been shown that white adipose tissue secretes other hormones and 
signalling molecules involved in overall homeostasis, exerting effects on energy and glucose 
metabolism, as well as on processes involved in stress and inflammation (Waki and Tontonoz, 
2007). Inflammation of adipose tissue will lead to the excessive release of free fatty acids and 
inflammatory cytokines, including tumour necrosis alpha (TNFα) and interleukin 6 (IL-6) 
(Ouchi et al., 2011), involved in systemic inflammation and insulin resistance, and which are 
also found to be increased in obesity (Shoelson et al., 2006). Therefore, a correct functioning 
of adipose tissue is necessary in order to prevent conditions such as insulin resistance and 
associated conditions (Bjorndal et al., 2011).
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1.4.2.1. Potential Modulation of Adipose Tissue Metabolism by Gut   
                   Microbiota

Excess visceral adipose tissue is considered a risk factor for the development of 
metabolic conditions and correlates with insulin resistance (Wajchenberg, 2000; Casteilla 
et al., 2008). In addition, low-grade inflammatory status developed in adipose tissue in the 
obese state causes the secretion of pro-inflammatory cytokines which, in turn, increase 
inflammation and hyperglycaemia, and leads to a vicious circle typically found in obesity 
and diabetes. Diet has been linked to markers of systemic inflammation, where Western 
diets promoted more inflammation versus a Mediterranean-based diet (Lopez-Garcia et al., 
2004; Anderson et al., 2012; Ahluwalia et al., 2013; Kesse-Guyot et al., 2013). Although the 
mechanism is still unclear, recent evidence points to a potential role of the gut microbiota 
in low-grade inflammation seen in obesity and metabolic syndrome (Caesar et al., 2010; 
Cani and Delzenne, 2010; Kong et al., 2014), suggesting that diet influences gut microbiota 
composition which in turn has an effect on host tissues. For example, a recent study in mice 
observed that intake of different fat sources modulated gut microbiota in a specific way, 
which then affected adipose tissue pathways (Huang et al., 2013); another study showed that 
gut microbiota composition induced by a high-fat diet increased inflammation markers and 
obesity in mice (Kim et al., 2012), whereas similar results were also obtained when observing 
that changes in gut permeability and microbiota increased inflammation in mesenteric fat 
(Lam et al., 2012).

Furthermore, one of the first evidences of the link between adipose tissue and 
gut microbiota was observing that germ-free mice have 40% less fat mass than their 
conventionalised counterparts (Backhed et al., 2004), followed by other animal studies that 
showed that prebiotic intake modified gut microbiota profile and lowered adiposity levels 
(Cani et al., 2005; Cani et al., 2006).

Although effects of short chain fatty acids have been seen mainly on liver and insulin 
sensitivity, they can also have an effect on adipose tissue. For instance, it was observed that 
propionate increased leptin expression and reduced resistin in human adipose tissue, giving 
it an anti-inflammatory characteristic (Al-Lahham et al., 2010). 

The potential cross-talk between microbiota and adipose tissue and liver is therefore of 
interest as a therapeutic strategy for the prevention and treatment of obesity.
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1.5. EPIGENETICS AND NUTRITION

1.5.1. Epigenetic Modulation of Genes

In the last few decades, a large amount of research has been put into determining which 
factors, other than those encoded in our genome, predispose humans to disease in adulthood. 
It is of general consensus that nutrition, as well as other environmental factors, plays a key 
role in the development and predisposition of specific diseases. Epigenetics is a term which 
was first coined by Waddington in 1942, who defined it as “causal interactions between 
genes and their products which bring the phenotype into being” (Waddington, 2012). This 
definition has since been updated and currently it is considered to be the study of heritable 
changes in gene expression which are not caused by our own DNA sequence (Jang and Serra, 
2014). Epigenetic changes can, therefore, regulate gene expression and are characterised by 
presenting no alterations in DNA sequence, their heritability and their potential plasticity 
(Zheng et al., 2014). There are three main processes associated with epigenetic phenomena: 
DNA methylation, those depending on histone modification and those on non-coding RNA. 
These can be studied from various angles, but one of the main ones is DNA methylation, 
traditionally considered a stable epigenetic mark which is commonly found in mammalian 
genomes (Jang and Serra, 2014). However, the idea of it being static is under reconsideration 
since it seems that some epigenetic marks may be induced by a variety of factors, such as 
diet and environmental conditions  (Zheng et al., 2014).

1.5.1.1. DNA methylation

DNA methylation refers to the binding of a methyl group to the fifth carbon of the 
cytosine pyrimidine ring in a DNA strand, which in mammals is usually found at cytosine-
phosphate-guanine (CpG) dinucleotides (Giuliani et al., 2014). This process is catalysed 
by DNA methyltransferase, and S-adenosylmethyionine is the methyl donor (Bird, 2002) 
(Figure 1.4.). CpGs are usually found in clusters in the 5’ regulatory region of a gene, known 
as CpG islands, and tend not to be methylated in active promoters. DNA methylation is 
considered to be quite stable and is generally maintained throughout life – so much so, that 
the marks it leaves on genes can be passed on to the offspring (Jang and Serra, 2014).

Up until now, it has been widely recognised that methylation status can determine 
what is commonly known as the “switching on” (unmethylated region) or “switching off” 
(methylated region) of the expression of a certain gene. Effects vary depending on the 
position of the CpGs involved; for example, hypermethylation of those found in promoters 
and enhancers usually reduce expression and inhibit transcription of the associated gene, 
and vice versa (Giuliani et al., 2014), but even this concept is not as straightforward as 
previously thought (Jones, 2012). Furthermore, DNA methylation can be affected by nearby 
genes (or vice versa) and the binding of transcription factors and other trans-acting elements 
(Banovich et al., 2014).
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1.5.1.2. Epigenetics and Disease

There is still limited knowledge about the mechanisms by which epigenetic change 
causes disease. One of the most extensively studied diseases in this field is cancer, initial 
studies dating back to the 1980s (Laird and Jaenisch, 1996). More recently, attention has 
turned to other conditions, including obesity (Berndt et al., 2007; Cordero et al., 2013b; 
Milagro et al., 2013; Ronn et al., 2013) and diabetes (Berndt et al., 2007), and the advance in 
technology has allowed for large scale and epigenome-wide association studies to be carried 
out. DNA methylation profile has the potential to be a good biomarker for specific human 
diseases, especially due to the fact that samples can be taken using non-invasive methods 
(blood, saliva…), although methylation pattern can sometimes not be the same throughout 
different tissues (Olkhov-Mitsel and Bapat, 2012). 

A number of studies have focused on how foetal programming during early life stages 
is affected by epigenetic mechanisms and how these modifications can have an impact on 
disease manifestation in adulthood. This is mainly due to the fact that, during this time 
window, the epigenome is very labile and can respond and adapt to the environment, 
including nutritional modifications (Jang and Serra, 2014). Also, it was assumed that DNA 
methylation remained stable throughout life, a view that is changing due to an increase in 
the number of intervention studies done in adults (Milagro et al., 2011; Barres et al., 2013; 
Ronn et al., 2013). Overall, these studies suggest that a reduction in body weight/fat mass 
can modify methylation profile and, hence, some methylation marks could be due to an 
obese phenotype rather than an earlier programmed mark. These initial conclusions help us 
understand the impact of the environment on methylation profile. As explained in a recent 
review (Martinez et al., 2014), the characterisation of the methylation profile of key genes 

Figure 1.4. Molecular mechanism of DNA methylation. A methyl group is added at the 5’ position 
of cytosine in DNA, catalysed by DNA methyltransferase using S-adenosylmethyionine as the methyl 
donor. 
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at an early age could contribute to the prediction of obesity (and associated diseases) in later 
life.

Interestingly, other studies have also shown that parental lifestyle pre-conception, 
including diet and pre-existing obesity, can cause epigenetic marks that would then be passed 
on to the offspring (Soubry et al., 2013), showing that epigenetic changes of key genes in 
particular tissues can be transmitted trans-generationally and be a main cause of obesity and 
diabetes in the descendants (Kaati et al., 2002; Kaati et al., 2007). 

1.5.1.3. Diet Alters DNA Methylation Profile of Specific Genes

A review was carried out in 2012 regarding the effect of diet on epigenetics and its 
implications for health (Martinez et al., 2014). It concluded that diet can modify methylation 
profile in two ways: firstly, during foetal growth and development; secondly, during “dietary 
transitions”, which refer to long periods of time in adulthood characterised by chronic 
overfeeding, high-fat feeding or caloric restriction. Most studies, however, have been carried 
out within the first above-mentioned time-window, and little has been published on the effect 
of diet in adult animal models. 

Studies regarding dietary interventions and epigenetic changes have mainly focused on 
methyl donors, phytochemicals and fatty acids (Martinez et al., 2014), and the effect of 
nutrient supplementation on the methylation of specific genes in adult animal models is still 
a relatively new field. The few studies that have been done show that high-fat feeding in 
adulthood has effects on DNA methylation in the brain, liver and pancreas, and could lead 
to small or long-lasting changes in gene expression, which can increase disease risk; other 
types of diets studied include protein deficient diets and caloric restriction [reviewed by 
(Jimenez-Chillaron et al., 2012)].

Examples of dietary intervention and bioactive compounds include a recent study which 
showed that animals under an obesogenic diet caused the hypomethylation of Fasn gene, 
and that certain nutrients were able to reverse this (Gracia et al., 2014), whereas another 
showed that diet-induced obesity in mice can lead to changes in leptin promoter (Shen et 
al., 2014). Furthermore, it has also been reported that a high-fat diet led to changes in the 
methylation profile of Fasn in adult rats (Lomba et al., 2010), and that Scd1 methylation 
pattern can be affected by carbohydrate and lipid content of the diet (Schwenk et al., 2013). 
A recent study also showed that grapefruit extract altered the methylation of particular CpGs 
of TNFα (de la Garza et al., 2014). 

Moreover, as previously mentioned, studies have been done using methyl supplements 
for the treatment of obesity and associated conditions (Waterland et al., 2008; Dahlhoff et al., 
2014), as well as using methyl donors (such as folate, choline, methionine and vitamin B12) 
(Cordero et al., 2013a; Cordero et al., 2013c).
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This doctoral Thesis has been carried out within the groups’ main research lines, 
which focuses on the identification and development of nutritional strategies aiming at the 
prevention of obesity. Previous studies in our lab have shown that supplementation with 
either CLA and calcium in mice under a high-fat diet modulates energy metabolism, by 
promoting weight loss and reducing adiposity levels in a dose dependent manner (Parra et 
al., 2008; Parra et al., 2010a; Parra et al., 2010c; Laraichi et al., 2013), and this project has 
further characterised the impact of these two compounds. Therefore, the aim of this Thesis 
was:

To characterise the fat mass-lowering effect of both CLA and calcium in an animal 
model, by focusing on the impact on stomach proteins, gut microbiota and bone 
remodelling, as well as their ability to alter the DNA methylation profile of key genes, 
in order to shed some light on the potential mechanisms involved.

The experimental work was carried out at the Laboratory of Molecular Biology, Nutrition 
and Biotechnology, directed by Professor Andreu Palou, of the University of the Balearic 
Islands and Centro de Investigación Biomédica en Red, Fisiopatología de la Obesidad y 
Nutrición (CIBERobn). This project was supported by the grants AGL2009-11277 and 
AGL2012-33692, the EU-funded project BIOCLAIMS FP7-244995 and by the Fundación 
Ramón Areces (XVI Concurso Nacional). Our group receives financial support from 
Instituto de Salud Carlos III, Centro de Investigación Biomédica en Red Fisiopatología de la 
Obesidad y Nutrición, CIBERobn. I received a 2-year scholarship from the UIB (Formació 
Professional d’Investigadors) and a 2-year PhD fellowship by the Conselleria d’Educació, 
Cultura i Universitats, Govern de les Illes Balears, as part of a program co-financed by the 
European Social Fund, as well as a temporary contract financed by the grant AGL2012-
33692 (funded by the Ministerio de Economia y Competitividad and the FEDER Fund).

In addition, the doctoral training was complemented by a six-month stay at the Department 
of Vascular Medicine, Academic Medical Centre (University of Amsterdam, Amsterdam, 
The Netherlands), led by Dr. Max Nieuwdorp. This stay was partially funded by a travel 
grant from the European Molecular Biology Organization (EMBO). The purpose of this 
stay was to increase my knowledge in microbiota-related techniques, including qPCR for 
microbiota and its analysis, as well as faecal microbial transplants in humans and infection 
studies in mice.

In order to study the effect of CLA and calcium on various elements of the body, two 
different animal experiments were performed using adult C57BL/6J mice, a strain which 
presents a high susceptibility to diet-induced obesity and is, therefore, often used in studies 
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regarding diseases such as diabetes and obesity. 

Three objectives were set out for this Thesis, all of which were divided into specific 
tasks. In order to achieve these aims, I set up three different protocols new to our laboratory: 
extraction of bacterial DNA from faecal samples, detection and identification of bacterial 
species by qPCR; RNA extraction and determination of gene expression in bones by qPCR; 
genomic DNA extraction and direct sequencing for the analysis of DNA methylation patterns. 
Results of these objectives derived into four scientific manuscripts, which are detailed in the 
chapters found in the section 4. Results.

The three objectives are as follows:

1.   To characterise the effect of CLA and calcium supplementation on the   
 gastrointestinal tract and associated host responses.

The GI is responsible for the conversion of food into energy, is highly metabolically 
active and home to trillions of microbes, making it an interesting site of study. In addition, 
the role of the gut microbiota in obesity is of great interest at present, which made us consider 
that the dietary treatment used could be having an effect on its composition. In order to 
accomplish the first aim, the following animal experiment was set up (Figure 2.1.):

Experiment 1

Mice were divided into five groups (n=8), and received dietary treatment for 54 days: 
a standard normal-fat diet (NF), serving as a control; a HF diet in order to induce obesity; 
and a high-fat diet enriched with calcium (Ca) with the purpose of obtaining decreased fat 
accretion. Furthermore, a daily dose of CLA was given by oral gavage to half of the animals 
receiving the HF and the Ca diets, providing 6 mg of CLA/day (equivalent to 21.4nmol/
isomer/day). This mix of CLA was provided by Tonalin® TG80 (Cognis), which is derived 
from safflower oil and composed of triacylglycerols. It contains approximately 80% CLA 
with a 50:50 ratio of the active CLA isomers cis-9, trans-11 and trans-10, cis-12.

Figure 2.1. Schematic diagram of Experiment 1.

HF diet
HF

CLA

Ca

CLA+Ca
Ca diet

NF diet

Day 54
Sacrifice

NF

CLA was given 
daily by oral gavage
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Subsequently, two specific tasks were carried out: 

Task 1.1   To study the effect of CLA on the gastrointestinal tract, in particular on 
stomach proteins and caecum microbiota. 

Body weight, body fat (at day 40) and estimated food intake were monitored throughout 
the experiment and have been previously published (Laraichi et al., 2013). Expression and 
amount of proteins of interest were determined in the stomach of NF, HF and CLA animals. 
Furthermore, a protocol to determine relative amount of bacterial species, by measuring 
DNA abundance of the 16S rRNA gene sequences by qPCR in caecum contents collected 
at sacrifice was set up (detailed protocol in the 3. General Methods section). The caecum 
contains the highest amount of bacteria in the GI, making it an interesting site of study. 
Results of this study are included in Chapter 1. 

Task 1.2  To study the impact of a calcium-enriched diet on gut microbiota and 
associated metabolic responses; to study the effect of an oral bacterial transplant using 
microbiota from lean mice which received calcium supplementation on obese animals 
fed a high-fat diet.

HF and Ca groups from Experiment 1 were studied for this particular task. Relative 
amount of bacterial species was determined by measuring DNA abundance of the 16S rRNA 
gene sequences by qPCR in caecum contents collected at sacrifice. Assessment of plasma 
LPS, as well as expression of adipokines and genes linked to stress, inflammation and fat 
and glucose metabolism in both liver and eWAT was performed. Furthermore, total lipid 
content and NEFAs were analysed in liver, as well as histological analysis. Initial results 
indicated that calcium supplementation had a significant impact on gut microbiota and 
plasma endotoxaemia. Thus, we undertook Experiment 2 and tested whether the beneficial 
effects seen in calcium-fed animals could be transplanted to animals fed a high-fat diet by 
means of the gut microbiota found in calcium-fed animals. Therefore, the following animal 
experiment was set up (Figure 2.2.):

HF diet

Ca  diet

Ca diet HF+T

Fresh faeces

100µl oral gavage

Day 42
Sacrifice

*
352821147

Ca

HF

T

* T

PBS

Figure 2.2. Schematic diagram of Experiment 2.
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Experiment 2 

Mice were given either a HF diet (n=18) or a calcium-enriched diet (n=12). Half of the 
animals on the HF received the bacterial transplant once a week, using fresh faeces collected 
from the Ca group.

Body weight, body fat and estimated food intake were recorded throughout the 
experiment, and plasma determinations were carried out, including leptin, insulin, glucose 
and lipid profile. Gut microbiota was also analysed as previously explained. Results from 
this study are included in Chapter 2.

2. To study the impact of CLA and calcium supplementation on bone.

Weight loss is usually associated with decreased bone mass and increased risk of 
osteoporosis. Given that CLA and calcium have been shown to potentially aid in weight 
loss and that recent studies show that the skeleton acts in close conjunction with energy 
metabolism, it was deemed to be of interest to analyse the effect of this specific dietary 
treatment on bone. Therefore, using the animal model described in Experiment 1, the 
following task was set up: 

Task 2.1   To characterise the impact of CLA and calcium on plasma bone metabolism 
markers and on mouse tibia, as well as to determine the expression of key energy 
metabolism genes on bone. 

In order to carry out Task 2.1, tibias of all five groups were extracted from mice at 
sacrifice and treated as described in the 3. General Methods section. Body fat was measured 
and plasma markers of bone formation were determined. A protocol in order to extract 
mRNA from frozen bones and analyse gene expression by qPCR was set up. Results are 
included in Chapter 3.

3.   To evaluate the implication of epigenetic mechanisms associated with the   
 supplementation of CLA and calcium.

It was observed that a number of genes studied in Task 1.2 were significantly altered by 
supplementation of both compounds. Taking into account that dietary treatment can have 
an effect on DNA methylation, which, in turn, can alter gene expression, we hypothesised 
that CLA and calcium could be having an epigenetic impact on specific genes. Analysis of 
the promoter region of three specific genes tightly associated with energy metabolism was 
undertaken. 

Task 3.1   To analyse the methylation status of key gene promoters in liver and eWAT.

eWAT and liver samples from all five groups from Experiment 1 were analysed. 
Adiponectin (Adipoq), Scd1 and Fasn were the genes chosen for the analysis of mRNA 
and sequencing. A protocol for the study of DNA methylation based on direct sequencing 
of nucleotides after bisulfite conversion was set up. The pattern of DNA methylation can 
be defined as unmethylated cytosines converted to uracils by bisulfite modification, whilst 
5-methylcytosines are resistant to conversion. Results are included in Chapter 4.
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Work and techniques carried out

Animal handling and laboratory techniques are explained in detail in the 3. General 
Methods section. However, in the following table, an overall view of the different methods 
and analysis carried out for the development of this project is presented (Table 2.1.).

Table 2.1.

Table 2.1. Scheme of the work carried out for this Thesis. Full names of genes can be found in the 
Abbreviation list at the beginning of the Thesis.

EXPERIMENT 1

Animals
Dietary treatment & CLA 

supplementation (oral gavage)
Body weight, food & 
water intake recorded

Body composition 
analysis

Plasma 
determinations

Energy metabolism 
Insulin, Glucose,

HOMA-IR

Bone metabolism
OC, uOC, P1CP

Endotoxaemia
LPS

Protein 
quantification

Stomach: 
Leptin, ghrelin

Lipid
quantification

Liver:
Total lipid content, NEFA

Histological 
analysis

Liver:
Steatosis analysis

Gene 
expression

Stomach 
Leptin, Ghrelin, Mboat4, Retn, Gpr39, 

Gcg, Gcgr, Sst, Sstr

Small 
intestine
Angptl4

Tibia
OST-PTP, Bglap2, Col1a1, 

Fgf23, Lep, Lepr, Adrb2, Insr, 
Ins1, Adipor1, Adipor2

Liver
Lipe, Sorl1, Pcyt2, Lrp1, PparƔ, Srebf-
1c, Pparα, Fgf21, Cpt1a, Ucp2, Dgat2, 
Sptlc2, Xbp1, Xbp1s, Ddit3, Atf3, Emr1

eWAT
Lipe, Sorl1, Pcyt2, Lrp1, Cpt1a, Retn, Lep, 

Rbp4, Slc2A4, Ucp2, Emr1, Tnfα, iNOS, Ddit3, 
Xbp1, Xbp1s, Dgat2, Sptlc2, Atf3

Bacterial analysis

Caecum 
Bacterial DNA content

Species
Clostridium coccoides, Clostridium leptum, 
Lactobacillus spp., Bacteroides/Prevotella, 

Bfididobacterium spp., Akkermansia 
muciniphila, Enterobacteriaceae

DNA methylation eWAT
Adipoq, Scd1, Fasn

Liver
Scd1, Fasn

EXPERIMENT 2

Animals
Dietary treatment & faecal microbial

transplant
Body weight, food & water 

intake recorded
Body 

composition 
analysis

Plasma 
determinations

Energy metabolism 
Leptin, Insulin, Glucose, HOMA-IR, NEFA, Glycerol, TG

Bacterial analysis

Caecum 
Bacterial DNA content

Species
Clostridium coccoides, Clostridium leptum, 
Lactobacillus spp., Bacteroides/Prevotella, 

Bfididobacterium spp., Akkermansia 
muciniphila, Enterobacteriaceae
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3.1. ANIMALS
The animal protocols followed in this Thesis were reviewed and approved by the 

Bioethical Committee of the University of the Balearic Islands (approval 13th February 
2006) and University guidelines for the use and care of laboratory animals were strictly 
followed. All efforts were made to minimise suffering.

Male C57BL/6J mice (Charles River, Spain) weighing 21 ± 0.1 g (5 weeks-old) were 
used for both Experiment 1 and Experiment 2. They were housed under standard conditions 
in cages in groups of 4-5 and kept in a 12-h light:dark cycle at 22ºC with food and water 
ad libitum. Cages were Makrolon type III (Tecniplast, Biosis Biologic Systems S.L.) and 
bedding was Ultrasorb fir shavings (Panlab S.L.U). Bedding was changed weekly. After 
reception, animals were allowed to acclimatise for a week and divided into groups ensuring 
equal weight average. Food was changed twice a week and intake and body weight were 
recorded every three days throughout both experiments. 

Body composition analysis (body fat and lean mass) was determined in all animals. This 
was done without anaesthesia by nuclear magnetic resonance (NMR) using an EchoMRI-700 
TM (Echo Medical Systems, LLC, USA) in live mice at day 20 and day 40 (Experiment 1) 
and at day 0 and at day 30 (Experiment 2).

Sacrifice was carried out within the animal facilities, at the beginning of the light cycle 
and after 10h of fasting. Animals were anaesthetised with an intraperitoneal injection made 
up of a mixture of xilacine (10 mg/kg body weight) and ketamine (100 mg/kg body weight). 
Blood samples were collected by cardiac puncture using heparinised syringes and needles 
(0.2% heparin diluted with saline), centrifuged at 1000 x g for 10 min to obtain the plasma 
and stored at −20ºC until analysis. Organs and samples of interest were excised and weighed 
(stomach, small intestine, caecum, liver, eWAT and tibia). Stomach was opened up and 
scraped on the inside to collect the mucosa. Caecum was also cut open and faecal content 
from the inside collected. Small intestine was cut open to remove mucosa and faecal content. 
Tibia was divided into two parts using diagonal pliers. All tissues and organs were rinsed 
with saline containing 0.1% diethyl pyrocarbonate (Sigma, Spain) and snap-frozen at -80ºC. 
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3.2. DIETS AND TREATMENT

3.2.1. Dietary Treatment
In this Thesis, three different diets were used: normal fat, high-fat and high-fat with 

calcium. All diets were prepared by Research Diets (Inc, New Brunswick) and presented as 
pellets to the animals. 

•	 Normal-fat diet, containing 12% kJ content as fat and used as control (based on   
 the standard rodent diet AIN-76A).

•	 High-fat diet, which contained 43% kJ content as fat and 4g/kg of calcium.
•	 High-fat diet supplemented with calcium, which contained 43% kJ content as fat  

 and 12g/kg of calcium. 
Both diets contained equal proportion of protein (20% kJ content) and carbohydrate was 

used to adjust the energy content. Thus, NF diet contained 40% (w/w) of sucrose and HF 
35% (w/w). 

A daily dose of CLA supplementation was given by oral gavage to half of the animals 
receiving a HF and a Ca diet. Tonalin ® (kindly provided by Cognis) was used as the CLA 
supplement, providing 6 mg/day (21.4 nmol/isomer/day). Tonalin® TG 80, derived from 
safflower oil, is composed of triacylglycerols containing approximately 80% CLA with a 
50:50 ratio of the active CLA isomers cis-9, trans-11 and trans-10, cis-12.

3.2.2. Bacterial Transplant

Bacterial transplant took place three times a week for the four weeks of Experiment 2 
(Chapter 2). 

•	 Faeces collection: Fresh faeces from four random animals of the Ca group were collected 
each time inoculation was carried out. Animals were placed in a cage with a raised rack 
for 10 min approximately and faeces were collected.

•	 Inoculation: Approximately 100-150 mg of faeces was pooled from all animals into 
40ml of phosphate buffered saline (PBS). The suspension was vortexed and mixed 
thoroughly, and 100µl was given to the T group by oral gavage. Animals not receiving 
the bacterial load received equal manipulation but were given 100µl of sterile PBS.

3.3. DETERMINATION OF PLASMA PARAMETERS
Blood glucose concentration was measured by Accu-Chek Glucometer (Roche 

Diagnostics, Barcelona, Spain) at sacrifice and was used to calculate the HOMA-IR together 
with fasting insulin concentration: 

HOMA-IR = fasting glucose (mmol/liter) × fasting insulin (mU/liter)/22.5 (Matthews 
et al., 1985)
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The determination of plasma metabolites using enzyme-linked immunosorbent assays 
(ELISA) was carried out for leptin, insulin, undercarboxylated osteocalcin, osteocalcin and 
propeptide of 1 collagen C-propeptide (P1CP) using the kits described below and following 
the manufacturer’s instructions:  

•	 Leptin: Mouse Leptin Quantikine (ELISA) kit (R&D Systems, Minneapolis, MN)

•	 Insulin: Mouse Ultrasensitive ELISA (DRG Instruments GmbH, Marburg, Germany)

•	 Undercarboxylated Osteocalcin: uOC ELISA Kit (EMELCA Bioscience, The   
Netherlands)

•	 Osteocalcin: Osteocalcin ELISA for Mice (Uscn Life Science Inc., USA)

•	 Propeptide of 1 collagen C-propeptide: RatLapsTM ELISA (IDS Ltd, UK) 

LPS was detected using an endpoint chromogenic quantitative test:

•	 Limulus Amebocyte Lysate (LAL) QCL-1000TM (Cambrex BioScience,    
Walkersville, Maryland, USA)

Lipid profile was measured using enzymatic colorimetric commercial kits:

•	 Non-esterified fatty acids (NEFAs) (Wako Chemicals GmbH, Neuss, Germany)

•	 Glycerol and triacylglycerol (Sigma Diagnostics, St. Louis, MO, USA) 

3.4. PROTEIN QUANTIFICATION

Leptin and ghrelin protein levels were determined in mouse stomach. Stomach mucosa 
was homogenised at 4ºC in 1:3 (w/v) PBS (mM: 137 NaCL, 2.7 KCl, 10 phosphate buffer, 
pH 7.4) and centrifuged at 7000 x g for 2min at 4ºC. In order to determine total protein, the 
supernatant was 5-fold diluted with PBS and the Bradford method carried out (Bradford, 
1976). 

On one hand, gastric leptin was determined with a mouse leptin ELISA kit (R&D 
Systems, Minneapolis, MN). On the other hand, ghrelin determination in stomach was carried 
out as follows: samples were homogenised in PBS and the supernatant was mixed with 10 
volumes 1 M acetic acid containing 20 mM hydrochloric acid. Homogenates were boiled 
for 20 min and centrifuged at 7000 x g for 2 min at 4ºC. The supernatant was lyophilised 
and resuspended in PBS. Ghrelin concentration was then determined using a mouse ghrelin 
enzyme immunosorbent assay (EIA) kit (Phoenix Europe, Karlsruhe, Germany).
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3.5 EXTRACTION AND QUANTIFICATION OF LIPID 
LEVELS

Total lipid levels were determined in liver following the Folch method (Folch et al., 1957). 
For this, approximately 0.3g of tissue was homogenised in 5ml of chloroform:methanol (2:1 
v/v) using a Potter-Elvehjem homogeniser and filtered using a filter paper in Folch tubes 
to recover the liquid phase. The total volume of the sample was then adjusted up to 10ml 
with chloroform:methanol (2:1 v/v), washed with 2 ml of 0.45% NaCl solution and mixed 
vigorously in an orbital shaker for 2min. Next, the mixture was centrifuged at low speed 
(3000 rpm) for 10 min at room temperature in order to separate the two phases: the lower 
one contained chloroform and lipids, and the upper one water, methanol and impurities. The 
latter phase was removed and adjusted with pure methanol (up to 10 ml), in order to obtain 
the 2:1 proportion again, and was washed with 0.9% NaCl. Subsequently, the mixture was 
agitated vigorously for 2 min in an orbital shaker and centrifuged at 3000 rpm for 10 min at 
room temperature. Following, the upper phase was removed and the remaining (chloroform 
and lipids) was adjusted with 10 ml of chloroform:methanol (2:1 v/v). 4.5 ml of each extract 
was distributed en two vials which were previously dried and weighed (weight empty vial). 
These vials were then left at 60ºC for one day and were then weighed again (weight full 
vial). Therefore, in order to calculate the lipid content of the sample, the following formula 
was used:

Lipid content (g/g liver) = 

((weight full vial-weight empty vial)/ 4.5 ml extract) * (10ml/weight homogenised 
tissue)

Furthermore, liver NEFAs were analysed using the NEFAs kit (Wako Chemicals GmbH, 
Neuss, Germany) following the manufacturer’s instructions.

3.6 HISTOLOGICAL ANALYSIS

For morphologic analysis, liver samples were collected at sacrifice and were fixed by 
immersion in 4% paraformaldehyde in 0.1M phosphate buffer (pH=7.3) overnight at 4ºC 
in order to preserve the integrity of their membranes. Fixed samples were then dehydrated 
with a 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, overnight at 4ºC and then 
finally three times with absolute ethanol for 60 min), cleared in xylene and embedded in 
paraffin blocks. Then, five micrometre-thick sections of tissues were counterstained with 
hematoxylin and esosin and observed with a Zeiss Axioskop 2 microscope connected to a 
AxioCam ICc3 digital camera (Carl Zeiss, S.A., Barcelona, Spain). Photos were taken from 
the most preserved and representative sections of the slides. Grade of steatosis was evaluated 
according to Brunt et al. (Brunt et al., 1999). In brief, the entire histological section was 
analysed and the percentage of the area covered by fat droplets was estimated using a score 
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graded from 0 to 3 (0, null; 1, when steatosis was detected in up to 30 % of the area; 2, when 
steatosis was observed in between 30 and 60 % of the area; 3, when steatosis was observed 
in more than 66 % of the area).

3.7. RNA EXTRACTION
Two protocols were used for the extraction of RNA, adapted to the variety and 

characteristics of tissues analysed. 

•	 Tripure reagent method

For stomach, small intestine, eWAT and liver samples, extraction was carried out using 
Tripure Reagent (phenol) (Roche Diagnostic Gmbh, Mannheim, Germany) according to the 
manufacturer’s instructions. This reagent is a solution made up of phenol and guanidine 
isothiocyanate and works by breaking down cells and dissolving cell components whilst 
maintaining RNA integrity. 1mL of Tripure was added per 100 mg of tissue, homogenised 
(always keeping the sample on ice) and centrifuged at 12000 x g for 10 min at 4°C. This 
causes the fat to separate, and the supernatant then contains RNA, DNA and proteins. 200µl 
of chloroform were added and centrifuged at 12000 x g for 15 min at 4°C. The first layer 
was then transferred to another Eppendorf and 500µl of isopropanol was added, inverted a 
few times and kept at -20°C overnight. The next day, samples were centrifuged at 12000 x g 
for 10 min at 4°C and the pellet was kept, removing all liquid from the Eppendorf. 1mL of 
ethanol 75% was added and vortexed in order to wash the pellet, and was then centrifuged 
again at 7500 x g for 5 min at 4°C. Again, all liquid was removed and the pellet was left in 
the hood to dry for 5 to 10 min, and was re-suspended in 100µl of ethylenediaminetetraacetic 
acid (EDTA) 10mM water free from DNAses and RNAses (Sigma, MO, USA) and placed 
in a water bath for 15 min at 65°C in order to dissolve the pellet, vortexing every 5 min (for 
immediate use). If not, RNA was stored at -80ºC.

•	 Qiagen Mini Kit RNeasy

For tibia RNA extraction, the Qiagen Mini Kit RNeasy (Qiagen, UK) was used. Frozen 
bone was cut in half with diagonal pliers. Only one of the two parts was used, weighing 
approximately 200 mg, and was ground by pestle and mortar (whilst pouring liquid nitrogen 
into the mortar to keep the temperature low). Once finely ground, the powder was immediately 
transferred into an Eppendorf containing 1ml of Tripure Reagent (Roche Diagnostic Gmbh, 
Mannheim, Germany) and homogenised at full speed for 45s. Samples were then centrifuged 
at 8600 x g for 15s at room temperature. RNA was extracted by using the supernatant in the 
RNeasy Mini Kit (Qiagen, UK), producing a final eluent of 50µl.
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3.8. BACTERIAL DNA EXTRACTION
Caecal content of mouse caecum was placed in an Eppendorf tube during sacrifice and 

snap-frozen at -80°C. Total bacterial DNA was extracted from approximately 50 mg of 
caecal samples following the “Pathogen Protocol” of the E.Z.N.A.® Stool DNA kit (Omega 
Bio-Tek, GA, USA) and producing a final eluent of 50µl.

3.9. GENOMIC DNA EXTRACTION
Genomic DNA (gDNA) was isolated from both liver and eWAT. Approximately 50 mg 

of each tissue was used for DNA isolation, using the DNeasy Blood & Tissue extraction kit 
and following standard protocol (Qiagen, Valencia, CA. USA). A final eluent of 100µl was 
produced.

3.10. QUANTIFICATION AND INTEGRITY EVALUATION 
OF RNA AND DNA

•	 Quantification: RNA and DNA concentration was determined by analysing 2µl of the 
sample on the NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies Inc., 
Wilmington, DE, USA). Absorbance of RNA was set at 260nm and 230nm for DNA and 
the following ratios were calculated: 260/280, considering that for the sample to be pure, 
DNA should be around 1.8 and for RNA 2; and 260/230, which in both cases should be 
around 1.8-2.2. If ratios were lower, this indicated the presence of protein, phenol or 
other contaminants. 

•	 Integrity evaluation: In order to confirm the integrity of RNA and DNA, 0.5µg were 
mixed with a sample buffer (6X, made up of bromophenol blue and glycerol in water) 
and evaluated on an electrophoresis gel at 1% (for RNA) and 2% (for DNA) (Pronadisa) 
with SYBER ®Safe DNA gel stain (10000x concentrate in DMSO) (Invitrogen, Oregon, 
USA). The gel was placed in an electrophoresis buffer made up of TBE 0.5X. In the case 
of ARN, we checked for the ribosomal bands of 28S and 18S, indicating good quality, 
whereas for bacterial DNA we checked for the 16S band. When no bands came up, or 
they were blurry, this was seen as an indication that the RNA and DNA were degraded 
and considered unsuitable for further processing.
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3.11. RETROTRANSCRIPTION AND REAL TIME PCR 
(qPCR)

For stomach, small intestine, eWAT, liver and bones the following procedures were 
carried out:

•	 Retrotranscription (RT): 0.25μg of total RNA (in a final volume of 5 μl, mixed with 
EDTA 10mM water free from DNAses and RNAses (Sigma, MO, USA) were denatured 
at 65°C for 10 min and then reverse-transcribed to cDNA. First, a mix was added, which 
was composed of: 1X Buffer (Promega, WI, USA), 2.5mM of MgCl2 (Promega, WI, 
USA), 0.4mM of deoxynucleotide phosphates (dNTPs) (Invitrogen, Oregon, USA), 
5µM of random hexamers, 5µM of RNase Inhibitor and 2.5U/µl of murine leukemia 
virus (MuLV) reverse transcriptase (the last three from Applied Biosystems, Madrid, 
Spain). Samples were then placed in a thermal cycle set at 20°C for 15 min, 42°C for 
30 min and a final step of 5 min at 95°C (Applied Biosystems 2720 Thermal Cycler, 
Madrid, Spain). The final product was diluted between 1/5 and 1/50 (depending on the 
tissue and gene of interest).

•	 Real-time polymerase chain reaction (qPCR): 2µl were taken from the RT dilution and 
9µl of PCR mix were added. This mix was made up of: 5µl of Power SYBER Green 
PCR Master Mix (Applied Biosystems, CA, USA), 0.45µl of each primer of interest 
and 3.1µl of EDTA 10mM water free from DNAses and RNAses (Sigma, MO, USA). 
Primers were designed and obtained from Sigma (Madrid, Spain) and primer dilution 
ranged from 2.5µM to 10μM each. Real-time PCR was performed using the Applied 
Biosystems StepOnePlus Real-Time PCR Systems (Applied Biosystems) with the 
following template: 10 min at 95°C followed by a total of 42 temperature cycles (15 
s at 95°C and 1 min at 60°C). In order to verify the purity of the products amplified, a 
melting curve was produced after each run according to the manufacturer’s instructions 
and the PCR products were run on an electrophoresis gel at 2% stained with SYBER 
® Safe DNA gel stain (10000X concentrate in DMSO) (Invitrogen, Oregon, USA) 
to visualise the amplified fragment. The threshold cycle (Ct) was calculated by the 
instrument›s software (StepOne Software v2.0), and relative expression of each gene 
was calculated as a percentage of NF mice using the 2−ΔΔCt method (Pfaffl, 2001) and the 
LinReg program (Ramakers et al., 2003). Beta-actin (Actb) was used as the reference 
gene for stomach, liver and eWAT; L32 ribosomal protein (L32) was used for small 
intestine; and glutamic-oxaloacetic transaminase 2, mitochondrial (Got2) and tripartite 
motif containing 27 (Trim27) for bone. 
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3.12. BACTERIAL PROFILING WITH qPCR

Determination of the presence and relative amount of selected bacterial groups were 
determined using 16S rRNA analysis by qPCR with the Applied Biosystems StepOnePlus 
Real-Time PCR Systems (Applied Biosystems). Per reaction, 12µl of Power SYBER Green 
PCR Master Mix (Applied Biosystems, CA, USA), 2µl of each primer (forward and reverse), 
9µl H20 and 5µl of each sample were used. The specific PCR template was as follows: 2 min 
at 95ºC, followed by 52 cycles of 20s at 95ºC, 30s at 55ºC and 30s at 72ºC, with a final cycle 
of 1 min at 72ºC.

Specific primers for Total Bacteria, Firmicutes (Clostridium coccoides, Clostridium 
leptum and Lactobacillus spp.), Bacteroidetes (Bacteroides/Prevotella), Actinobacteria 
(Bifidobacterium spp.), Verrucomicrobia (Akkermansia muciniphila) and Proteobacteria 
(Enterobacteriacaea) were obtained from Sigma (Madrid, Spain) and were used in both 
Experiment 1 and Experiment 2. Total Bacteria refers to a broad-range universal primer 
that recognises the conserved region of the 16S rRNA encoding gene for a wide range of 
bacterial species and was used to normalise the assay to total bacterial DNA. The threshold 
cycle was calculated using the 2−ΔΔCt method (Pfaffl, 2001), and relative bacterial content and 
fold change (FC) were calculated (Log22

−ΔΔCt), using the NF group as a reference in the case 
of Chapter 1, and the HF group as a control in Chapter 2. 

3.13. BISULFITE SEQUENCING
Approximately 200ng of gDNA sample extracted from liver and eWAT was used for 

bisulfite conversion. If this gDNA did not achieve the ratios mentioned above, the samples 
were cleaned using the Genomic DNA Clean & Concentrator (Zymo Research, Irvine, CA, 
USA). Following, samples were bisulfite-converted with the EZ DNA Methylation-Gold 
Kit (Zymo Research, Irvine, CA, USA) according to the manufacturers’ instructions, which 
integrates DNA denaturation and bisulfite conversion into one step. The final product was 
eluted into 20µl and concentration was determined by NanoDrop ND-1000 spectrophotometer 
(NanoDrop Technologies Inc., Wilmington, DE, USA) using the ssDNA-33 option, and 
considering a good 260/280 ratio to be between 1.9 and 2.1. 

5ng of this bisulfite-treated gDNA was used for PCR amplification of each region of 
interest (in this case, the promoter) for three specific genes: Adipoq, Scd1 and Fasn. In this 
PCR, converted DNA (i.e. the one treated with bisulfite) is used together with the bisulfite-
specific primers. Before conversion, you begin with two strands of DNA, strand A and strand 
B. After conversion, your DNA strands are no longer complimentary. Therefore, this PCR is 
only targeting one DNA strand (strand A) and will make complimentary copies of it to yield 
a double-stranded DNA product, comprising of strand A and a newly synthesised strand 
(strand C). The bisulfite reverse primer will target strand C. The amplicons produced will 
have thiamine (replacing uracil which came from former cytosine).

Per reaction, 12.5µl of JumpStart™ REDTaq® ReadyMix™ (Sigma, Madrid, Spain), 
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2.5µl [1mM] of bisulfite-specific primers (both forward and reverse) and 5.5µl of H2O were 
used, with the following template: 3 min at 95ºC, followed by 40 temperature cycles (30s 
at 95ºC, 30s at the specific annealing tºC/gene and 2 min at 65ºC) and 10 min at 65ºC. PCR 
product was run on a 2% agarose gel to check its’ integrity. Following this, PCR product was 
purified using the QIAquick PCR purification Kit (Qiagen, Hilden, Germany) and quantified 
with the NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies Inc., Wilmington, 
DE, USA), using the DNA-50 option. 

Approximately 20ng (± 5ng) of DNA was sequenced with the BigDye ® Terminator 
v3.1 Cycle Sequencing Kit (Applied Biosystems, Madrid, Spain), using the following 
quantities per reaction: 0.6µl Terminator v3.1 Ready Reaction Mix, 1.2µl Buffer 5X, 1µl 
[1mM] primer and 6.2µl H2O. Sequencing was carried out in a thermal cycler (Applied 
Biosystems 2720 Thermal Cycler, Madrid, Spain) under the following conditions: 1 min 
at 95ºC, followed by 25 temperature cycles (10s at 96ºC, 5s at 50ºC and 4 min at 60ºC). 
Samples were then purified and precipitated by adding 50µl/sample of a mix of absolute 
ethanol (-20ºC) and sodium acetate 3M pH 5.2 and vortexing. Samples were left on ice for 
15 min at then centrifuged for 30 min at 13000 x g at 4ºC. The supernatant was removed and 
100µl of 70% ethanol (-20ºC) was added to the pellet. Samples were then centrifuged for 
10 min at 13000 x g at 4ºC. Supernatant was removed and the pellet left to dry in the hood. 
Once dry, samples were kept at -20ºC and sequenced on a 3130 Genetic Analyzer (Applied 
Biosystems, Madrid, Spain). 

Sequences from samples were then aligned with the original sequence using BiQ 
Analyzer HT (Lutsik et al., 2011)2011 for a quality control check (>80% alignment and 
>90% conversion rate). For quantification of the degree of methylation per CpG in each 
fragment, the peak height of cytosine (phc) was divided by the sum of cytosine and thymine 
(phc+t) and multiplied by 100 (phc / phc+t x 100) (Jiang et al., 2010) using Chromas Lite 
version 2.01 software (Technelysium Pty Ltd, 2007). 

In parallel, a mouse methylated DNA standard was also bisulfite converted (following 
the above instructions) and a PCR was carried out specific to this sample. Per reaction, 
12.5µl of JumpStart™ REDTaq® ReadyMix™ (Sigma, Madrid, Spain), 1.25µl [1mM] 
of DNA standard-specific primers (both forward and reverse) and 8µl of H2O were used 
following the following template: 10 min at 95ºC, followed by 39 temperature cycles (30s 
at 95ºC, 30s at 58ºC and 60s at 72ºC) and 7 min at 72ºC. The PCR product was run on a 2% 
agarose gel to check its’ integrity and treated as the above samples (purified, quantified and 
sequenced). The obtained sequence was then compared to that of the commercial kit and was 
considered to be a good control when bisulfite conversion was >99%.
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3.14. STATISTICAL ANALYSIS
Individual statistical analysis is detailed in each chapter. However, the general overview 

of this analysis is as follows:

Data were analysed differently according to its’ characteristics. All data is presented as 
a mean ± SEM.

Equality of variances between groups was assessed by Levene’s test. When homogeneity 
of variances was assumed, one-way ANOVA was used to determine the significance of the 
different parameters between groups. If there was a significant difference, a Bonferroni test 
(post hoc) was used to determine where the difference lay and to correct for multiple testing. 
When homogeneity of variances was not assumed, data were log transformed. 

When comparing two groups only, a Student’s t-test was carried out.

Linear relationships between key variables were tested using Pearson’s correlation 
coefficients. 

Principal Component Analysis (PCA) was performed to assess associations between 
gene expression levels measured in the liver and eWAT. Loadings were considered significant 
when score >0.6. 

Threshold of significance for all statistical tests was set at P<0.05. Analysis was 
performed using the SPSS program for Windows version 21.0 (SPSS, Chicago, IL, USA). 
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4.1. CHAPTER 1

Conjugated linoleic acid supplementation under a high-fat diet 
modulates stomach protein expression and intestinal microbiota in 

adult mice 

The gastrointestinal tract constitutes a physiological interface integrating nutrient and 
microbiota-host metabolism. Conjugated linoleic acids have been reported to contribute 
to decreased body weight and fat accretion. The modulation by dietary CLA of stomach 
proteins related to energy homeostasis or microbiota may be involved, although this has not 
been previously analysed. This is examined in the present study, which aims to underline 
the potential mechanisms of CLA which contribute to body weight regulation. Adult mice 
were fed either a normal fat (NF, 12% kJ content as fat) or a high-fat (HF, 43% kJ content as 
fat) diet. In the latter case, half of the animals received daily oral supplementation of CLA. 
Expression and content of stomach proteins and specific bacterial populations from caecum 
were analysed. CLA supplementation was associated with an increase in stomach protein 
expression, and exerted a prebiotic action on both Bacteroidetes/Prevotella and Akkermansia 
muciniphila. However, CLA supplementation was not able to override the negative effects of 
HF diet on Bifidobacterium spp., which was decreased in both HF and HF+CLA groups. Our 
data show that CLA are able to modulate stomach protein expression and exert a prebiotic 
effect on specific gut bacterial species.
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4.1.1. Background

Obesity is currently growing at an epidemic rate, considered a major health threat 
around the world, and resulting in an increased risk of diabetes mellitus type II, some types 
of cancer, fatty liver disease, hypertension, cardiovascular disease and increased mortality. 
Despite large research efforts on the effects of diet, exercise, education, surgery or drug 
therapies, there is still no long-term solution to efficiently prevent or counteract obesity 
(Swinburn et al., 2011).

Dietary conjugated linoleic acids refer to a mixture of geometric and positional isomers 
of linoleic acid with conjugated double bonds found mainly in ruminant meat and dairy 
products (Trigueros et al., 2013). Growing research has shown that the isomers cis-9, trans-
11-CLA and trans-10, cis-12-CLA in particular have a major role in the regulation of body 
weight and body fat in both animal (Park et al., 1997; West et al., 1998; West et al., 2000; 
Takahashi et al., 2002; Zabala et al., 2006; Park et al., 2007; Kanaya and Chen, 2010) and 
human (Blankson et al., 2000; Smedman and Vessby, 2001; Thom et al., 2001; Gaullier et 
al., 2007) studies. 

The present study was carried out to further characterise the effects of CLA on body 
weight management, by addressing certain aspects that to our knowledge have not been 
studied before. The gastrointestinal tract is the largest endocrine of the body and is responsible 
for the conversion of food into energy, is metabolically highly active and home to trillions 
of microbes (Martins dos Santos et al., 2010; Hernandez et al., 2013). The stomach is one of 
the first sites in the gastrointestinal tract that responds to food intake. It synthesises proteins 
which have an important role in energy balance and have been shown to be modulated by diet 
(Erdmann et al., 2003; Greenman et al., 2004; Zhao et al., 2008; Scarpace and Zhang, 2009; 
Sun et al., 2012; Wadden et al., 2012). Another interesting component is caecum content, 
which harbours a large amount of bacteria that carry out a number of functions involved in 
energy regulation, such as the processing of non-digestible polysaccharides, metabolism of 
proteins, synthesis of vitamins and production of energy (Backhed et al., 2004; Turnbaugh 
et al., 2006; Cani and Delzenne, 2009; Murphy et al., 2010). Emerging evidence suggests 
that the gut microbiota may be involved in obesity (Ley et al., 2005; Backhed et al., 2012; Le 
Chatelier et al., 2013), and that high-fat diet in particular could contribute to the modulation 
of this bacterial community (Zhang et al., 2010; Zhang et al., 2012; Cotillard et al., 2013; 
Parks et al., 2013; David et al., 2014). Therefore, the role of food in modifying gut microbiota 
towards a more beneficial profile is of great interest (Brownawell et al., 2012). Overall, this 
highlights the importance of the interplay between food and the different components of the 
gastrointestinal tract. 

The aim was to study the potential of CLA in the regulation of both stomach protein 
expression and specific gut bacterial species in obese mice under a HF diet.
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4.1.2. Materials and Methods

A detailed description of the methodology used in this chapter is specified in section 3. 
General Methods. 

The animal experiment referred to in this chapter is Experiment 1 (detailed in section 2. 
Objectives and Experimental Procedure) and dietary treatment is described in 3.2.1. Dietary 
treatment. Additional information on diet composition is given in Table 4.1. 

Food intake and body weight were recorded every three days throughout the experiment 
and have been previously published (Laraichi et al., 2013). Sacrifice of animals and collection 
of stomach and caecum were performed as detailed in 3.1. Animals. Gastric protein of both 
leptin and ghrelin were quantified in stomach mucosa of all animals following the protocol 
specified in 3.4. Protein quantification. 

Total RNA extraction from stomach was carried out as explained in 3.7. RNA extraction 
following the “Tripure reagent method”. Samples were retrotranscribed and real-time PCR 
was carried out for the analysis of stomach proteins as described in 3.11. Retrotranscription 
and Real Time PCR. Beta-actin was used as the reference gene and sequences for all genes 
can be found in Table 4.2. The threshold cycle was calculated by the instrument’s software 
(StepOne Software v2.0), and relative expression of each gene was calculated as a percentage 
of NF mice using the 2−ΔΔCt method (Pfaffl, 2001).

Furthermore, total bacterial DNA was extracted as described in 3.8. Bacterial DNA 
extraction, and assessment of the presence and relative amount of bacterial species 

Normal Fat High Fat
g/kg

Fat
Soybean Oil 32 66
Lard 20 120
t-ButylHydroquinone 0.014 0.014

Protein
Casein 214 212
DL-Methyonine 3 3

Carbohydrate
Sucrose 400 350
Corn Starch 250 0

Cellulose 50 50
Mineral Mix 7 7
Calcium Carbonate 10 10
Potassium Phosphate Monobasic 8 8
Potassium Citrate Monohydrate 1.6 1.6
Vitamin Mix V10037 10 10
Choline Bitartrate 2.5 2.5
Fat, kJ% 12.1 43.2
Protein, kJ% 19.8 19.6
Carbohydrate, kJ% 68.2 37.2

Table 4.1. Detailed composition 
of diets. Composition of normal 
and high-fat diets used throughout 
Experiment 1.
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was determined following 3.12. Bacterial profiling with qPCR. Forward and reverse 
sequences for Clostridium coccoides, Clostridium leptum and Lactobacillus spp. 
(Firmicutes representatives); Bacteroides/Prevotella (Bacteroidetes); Bifidobacterium 
spp. (Actinobacteria); Akkermansia muciniphila (Verrucomicrobia); Enterobacteriaceae 
(Proteobacteria) are described in Table 4.3. The threshold cycle was calculated using the 
2−ΔΔCt method (Pfaffl, 2001), and relative bacterial content and fold change were calculated 
(Log22

−ΔΔCt). 

Table 4.2. Nucleotide sequences of primers used for qPCR amplification in mouse stomach. 
Genes have been previously described (and can be found in the Abbreviation list), except for Lep 
(leptin) and Ghrl (ghrelin).

Phylum Bacterial Species Forward and reverse primer
Proteobacteria Enterobacteriaceae F:cattgacgttacccgcagaagaagc

R:ctctacgagactcaagcttgc
Actinobacteria Bifidobacterium spp. F:cgcgtcyggtgtgaaag

R:ccccacatccagcatcca
Firmicutes Clostridium coccoides F:actcctacgggaggcagc

R:gcttcttagtcargtaccg
Clostridium leptum F:gcacaagcagtggagt

R:cttcctccgtttgtcaa
Lactobacillus spp. F:gaggcagcagtagggaatcttc

R:ggccagttactacctctatccttcttc
Bacteroidetes Bacteroides/Prevotella F:tcctacgggaggcagcagt

R:caatcggagttcttcgtg
Verrucomicrobia Akkermansia muciniphila F:cagcacgtgaaggtggggac

R:ccttgcggttggcttcagat
Housekeeping

Total Bacteria Total bacteria F:actcctacgggaggcag
R:gtattaccgcggctgctg

Table 4.3. Sequence of primers used for bacterial profiling in caecum content. Forward and 
reverse sequences for qPCR amplification in mouse caecal content have been previously published 
(Sonoyama et al., 2010; Parnell and Reimer, 2012).

Mouse 
genes

Forward primer Reverse primer Amplicon
size (pb)

Actb tacagcttcaccaccacagc tctccagggaggaagaggat 120
Lep ttgtcaccaggatcaatgaca gacaaactcagaatggggtgaag 186
Ghrl cagaaagcccagcagagaaa gaagggagcattgaacctga 144
Mboat4 ttgtgaagggaaggtggag gagagcagggaaaaagagca 115
Retn ttccttttcttccttgtccctg ctttttcttcacgaatgtccc 246
Gpr39 ctgctgattggctttgtatgg cggttggagaggttcgtg 188
Gcg tctgacgagatgagcacca tgactggcacgagatgttg 136
Gcgr gcacccgaaactacatcca acacgccctctaccagca 231
Sst accccagactccgtcagtt agcctcatctcgtcctgct 169
Sstr catcgtcaacatcgtcaacc catcctccacaccgtatcct 194
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Values were normalised with the average of the NF group. Data are presented as means ± 
SEM. Equality of variances between groups was assessed by Levene’s test. When homogeneity 
of variances was assumed, one-way ANOVA was used to determine the significance of the 
different parameters between groups. If there was a significant difference, a Bonferroni test 
was used to determine where the difference lay and to correct for multiple testing. When 
homogeneity of variances was not assumed, data were log transformed. Linear relationships 
between key variables were tested using Pearson’s correlation coefficients. Threshold of 
significance was set at P<0.05. The analysis was performed using the SPSS program for 
Windows version 21.0 (SPSS, Chicago, IL, USA).

4.1.3. Results

CLA supplementation modulates the expression of regulatory proteins in the 
stomach

Expression of proteins associated with energy metabolism and regulation of food intake 
was determined in mouse stomach. Leptin mRNA expression in the HF group was not 
altered, however leptin protein was increased in these animals (2-fold vs. NF, p=0.003). 
On the other hand, supplementation with CLA caused a 6-fold higher expression of leptin 
mRNA (in comparison with NF, p=0.001), which was in accordance with higher content 
of gastric leptin (2-fold, p=0.014 vs. NF) (Figure 4.1.A). CLA-fed animals also exhibited 
increased ghrelin mRNA expression (3-fold, p=0.006 vs.NF), but no changes were seen 
amongst groups regarding ghrelin protein (Figure 4.1.B). 

Furthermore, CLA supplementation was associated with increased expression of all 
stomach proteins analysed and statistical significance was attained in the case of resistin 
(3-fold, p=0.026), G protein-coupled receptor 39 (4-fold, p=0.001), glucagon (2-fold, 0.001) 
and glucagon receptor (5-fold, p=0.011) (Figure 4.1.C). 

Caecum microbiota is modulated by CLA 
To further look into the effect of CLA, caecum content of mice was analysed in order 

to determine bacterial species potentially associated with obesity and energy metabolism. 
A significant increase in bacterial DNA caecum content was observed in mice fed a HF 
diet (3-fold vs. NF, p=0.032), which decreased with CLA supplementation and showed no 
differences compared to NF animals (Figure 4.2.A). 

This was accompanied by differences in gut microbiota composition. No statistically 
significant changes were found concerning the Firmicutes content under the different 
dietary treatments (Figure 4.2.B). HF feeding was mainly associated with a decrease 
in Bifidobacterium spp. (p=0.009 vs. NF; with a fold change (Log2 FC) of -3.07). CLA 
supplementation did not counteract this reduction, presenting similar values (p=0.034 vs. 
NF; -2.18 Log2 FC) (Figure 4.2.C). In contrast, animals receiving CLA showed a significant 
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increase in two bacterial species of interest: Bacteroides/Prevotella (p=0.021 vs. NF; 1.30 
Log2 FC) (Figure 4.2.D) and A. muciniphila, which dramatically increased compared to both 
NF (p=0.014; 4.33 Log2 FC) and HF (p=0.002) (Figure 4.2.E). No significant changes on 
Enterobacteriaceae profile were seen (Figure 4.2.F).

Figure 4.1. Effect of CLA supplementation on mRNA expression and protein levels of 
gastric proteins in mice. Expression of stomach proteins was analysed in mice after 54 days of 
supplementation with CLA. A) Leptin mRNA (%) expression was increased by CLA, and protein 
content (pg) was higher in both HF and CLA groups. B) Ghrelin mRNA (%) expression was also 
higher in CLA animals, whereas protein levels (ng) did not show significant differences amongst 
groups. C) Gastric Retn, Gpr39, Gcg and Gcgr expression increased in a significant manner with 
CLA supplementation, whereas Mboat4 did not. Data are a mean ± SEM of 8 animals/group. Letters 
indicate differences amongst groups; one-way ANOVA followed by Bonferroni test (p<0.05).
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Figure 4.2. DNA levels of representative bacterial species in mice caecum are altered by 
diet. Bacterial species from caecum content was analysed in all groups. A) Bacterial DNA levels 
in caecum content (μg bacterial DNA/g caecum content) was increased significantly by HF 
diet. DNA abundance of 16S rRNA gene of representative bacterial species B) Firmicutes, C) 
Actinobacteria, D) Bacteroidetes, E) Verrucomicrobia and F) Proteobacteria were analysed in mouse 
caecum and normalised with the average of the NF group (2−ΔΔCt). Fold change vs. NF group was 
calculated (Log2 FC) and is indicated below each column. Data are a mean ± SEM of 6-8 animals/
group. Letters indicate differences amongst groups; one-way ANOVA followed by Bonferroni 
test (p<0.05). When homogeneity of variances was not assumed, data were log transformed.

  












 

 








 





 





 






     








     

  








 

 



 

  









 

 


  











 


 
 



 

  










 





  















 

 



 

  












  



  


 








 

 



 

  








  












 

 



 













4. Results - Chapter  1 

57

Caecum microbiota correlates with body weight and body fat
We next tested the hypothesis that abundance of specific bacterial species in mouse 

caecum contents could be associated with the modulation of body weight and body fat. On 
one hand, C. coccoides (r=0.433, p=0.044) and C. leptum (r=0.488, p=0.021), both belonging 
to the Firmicutes’ group, showed positive correlations with body weight. Bacteroides/
Prevotella also showed a positive correlation (r=0.581, p=0.006) with body weight. On the 
other, body fat was negatively correlated with Bifidobacterium spp. (r= -0.547, p=0.008). 
The correlation matrix is presented in Table 4.4.

4.1.4. Discussion

The present chapter provides evidence that CLA supplementation under a HF diet has a 
noticeable effect on particular sites of the gastrointestinal tract in mouse, by increasing gastric 
protein expression and by promoting a prebiotic effect on gut microbiota. Considering that 
the gastrointestinal tract integrates the interplay of food, microbiota and metabolic effects on 
the host, these results may be relevant for the development of weight management strategies, 
since CLA are compounds used for the reduction of fat mass in humans (Blankson et al., 
2000; Smedman and Vessby, 2001; Thom et al., 2001; Gaullier et al., 2007). 

Gut hormones are secreted in the stomach in response to food intake and play a key 
role in signalling food intake to the brain (Neary and Batterham, 2009). Leptin and ghrelin 
constitute two of the most studied proteins involved in energy metabolism, both being 
secreted in relevant amount by the gastric mucosa (Date et al., 2000; Cinti et al., 2001; Oliver 
et al., 2002; Sanchez et al., 2007; Palou and Pico, 2009; Cammisotto and Bendayan, 2012). 
In accordance with leptin mRNA levels, higher gastric protein content was also observed, 
which is in accordance with the increased plasma leptin levels described in these animals 
(Laraichi et al., 2013). It has been previously described that high-fat feeding stimulates 
the gastric leptin signalling pathway (Sanchez et al., 2007), an effect which would not be 
counteracted by CLA and would contribute to partially explain why no differences were seen 

Bacterial Species Body Weight (g) Body Fat (%)

R P R P
Clostridium coccoides 0.433* 0.044 0.415 0.055
Clostridium leptum 0.488* 0.021 0.165 0.464
Bacteroides/Prevotella 0.581** 0.006 0.203 0.378
Bifidobacterium spp. -0.407 0.060 -0.547** 0.008

Table 4.4. Correlations between bacterial species in caecum contents with body weight and body 
fat of mice. Linear relationships were tested using Pearson’s correlation coefficients (R). Signficant 
correlations are marked as follows: *=p<0.05, * =p<0.01.
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regarding food intake in this experimental set up (Laraichi et al., 2013). On the other hand, 
ghrelin gene is a gut orexigenic hormone which is mainly regulated by feeding (Bednarek 
et al., 2000), and although mRNA expression increased with CLA, protein ghrelin levels 
were not changed. The discrepancies observed between mRNA expression and protein levels 
would be associated with the presence of diurnal rhythms described for both ghrelin and 
leptin in the gastric environment  which allow for a better metabolic control(Sanchez et al., 
2004). In addition to these main gastric proteins, we analysed Mboat4, Retn and Gpr39, 
as well as glucagon, somatostatin and their receptors, proteins which are also involved in 
energy balance and have been described in the gastric mucosa (McKee et al., 1997; Dunphy 
et al., 1998; Nogueiras et al., 2003; Katayama et al., 2007; Nogueiras et al., 2007; Sakata 
et al., 2009; Kumar and Grant, 2010), although their potential in weight management has 
not been thoroughly studied. In this context, Mboat4 was of particular interest as it is the 
enzyme responsible for the acylation of ghrelin (Sakata et al., 2009) and is activated by 
dietary lipids which act as acylation substrates (Kirchner et al., 2009). Interestingly, all of the 
proteins analysed showed increased expression with CLA supplementation, suggesting that 
CLA isomers are specifically sensed by the genes encoding gastric proteins which respond 
to food cues. 

Additionally to the abovementioned effects, CLA promoted changes in the gut microbiota 
of the lower part of the gastrointestinal tract. In recent years, it has been proposed that in 
obese states there is an increased ratio of Firmicutes to Bacteroidetes as well as a loss of 
bacterial diversity (Ley et al., 2005; Backhed et al., 2012; Le Chatelier et al., 2013) although 
currently more focus is being put on bacterial species for host metabolism characterization 
as new data emerge [discussed in a recent review (Guinane and Cotter, 2013)]. Neither CLA 
supplementation nor HF diet alone was associated with changes amongst bacterial species in 
the Firmicutes’ phylum. However, HF feeding lowered Bifidobacterium spp., in accordance 
with previous animal studies (Cani et al., 2007; An et al., 2011; Neyrinck et al., 2011; Cano 
et al., 2013), a reduction which was not counteracted by CLA. Considering supplementation 
was not able to re-establish normal body weight (Laraichi et al., 2013),  a positive association 
with body weight was found for both C. coccoides and C. leptum, in agreement with the 
potential adverse role of these bacterial species on obesity (Nadal et al., 2009; Santacruz et 
al., 2010; Parks et al., 2013), as well as a negative correlation with Bifidobacterium spp., an 
association which has also been previously found in both animal models and human studies 
(Cani et al., 2007; Santacruz et al., 2010; Neyrinck et al., 2011; Cano et al., 2013). 

In contrast, CLA induced a prebiotic effect in supplemented animals. Bacteroides/
Prevotella is a bacterial species known to use dietary polysaccharides in a prebiotic fashion 
(Sonnenburg et al., 2010). A remarkable increase was found under CLA supplementation 
suggesting that CLA was able to confer a prebiotic effect. This is supported by a very 
high induction of A. muciniphila growth by CLA. The presence of this mucin-degrading 
bacterial species, which resides in the mucus layer, is associated with a healthy mucosa and 
is generally reduced in obese states (Derrien et al., 2004; Derrien et al., 2011; Lukovac et al., 
2014). Everard et al. have recently demonstrated that oligofructose restores A. muciniphila 
content in obese animals, and this is associated with an improvement of their metabolic 
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profile (Everard et al., 2013). Therefore, the increased caecal content of A. muciniphila found 
under CLA supplementation suggests that this compound was exerting a prebiotic action on 
this bacterial species too. To our knowledge, this is the first evidence of a CLA-prebiotic 
effect favouring the specific growth of potentially beneficial bacterial species in the gut. 
However, this increase in both Bacteroides/Prevotella and A. muciniphila was not enough 
to allow a full recovery since these animals remain obese (Laraichi et al., 2013). We cannot 
rule out that a higher CLA dose and/or longer treatment, which is generally associated with a 
leaner phenotype (Parra et al., 2010), would cause an even higher increase in A. muciniphila 
content and have more significant effects on metabolic parameters. This would fit with the 
lower induction of A. muciniphila found in the present study in comparison with others 
(Everard et al., 2013; Shin et al., 2014).

Overall, our data show that gastrointestinal tract is a first site for action of the bioactive 
isomers of CLA, able to modulate gastric responses as well as microbiota-host metabolism. 
We cannot rule out the potential interplay between gastric environment and bacterial growth 
associated with food cues accompanying CLA intake. However, CLA induced the expression 
of genes encoding gastric proteins related with regulation of energy balance and exerted 
a prebiotic effect on selected bacterial species. Growth of potentially beneficial bacterial 
species, specifically Bacteroidetes/Prevotella and A. muciniphila, suggests CLA confers a 
prebiotic effect, which could contribute to a healthier metabolic profile. Further and thorough 
research of how specific dietary treatments influence specific physiological components, 
such as the gastrointestinal tract, will help elucidate their impact on specific conditions such 
as obesity, and develop efficient body weight management strategies.
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4.2. CHAPTER 2

Calcium supplementation under a high-fat diet exerts a
prebiotic effect on gut microbiota in adult mice

Dietary calcium has been inversely associated with body fat although the exact 
mechanism is yet to be elucidated. The aim was to analyse gut microbiota in C57BL/6J mice 
receiving calcium supplementation under a high-fat (HF) diet and to assess their potential 
contribution on the beneficial effects attributed to calcium on body weight management. 
Calcium conferred a prebiotic-like effect on gut microbiota, and animals presented lower 
plasmatic endotoxin levels, increased expression of angiopoietin-like 4 in intestine and 
lower hepatic lipid content, although increased expression of stress markers in adipose tissue 
and of inflammation in liver was also found. To determine whether sliming effects could be 
transferred to obese mice, a faecal microbial transplant (FMT) was carried out, showing that 
host bacteria grown under a HF diet could not be superseded by those from calcium animals. 
Therefore, FMT was not able to transfer the beneficial effects of calcium. In conclusion, 
calcium modulated gut microbiota in a prebiotic manner, establishing a host cross-talk and 
promoting a healthier metabolic profile. However, lack of effectiveness of FMT suggests the 
need of further appropriate dietary factors in addition to the bacteria per se.





4. Results - Chapter 2

63

4.2.1 Background
Obesity is currently a major public health concern associated with increased energy 

intake, decreased energy expenditure or a combination of both, and frequently coupled with 
the effects of low physical activity, genetics and other environmental factors. Obesity leads 
to a wide array of metabolic disturbances and diseases, such as type 2 diabetes and metabolic 
syndrome, cardiovascular disease, cancer, hormonal imbalances, hypertension and overall 
increased mortality (Swinburn et al., 2011). 

In recent years, the role of the gut microbiota in disease has been of great interest, 
showing associations with a variety of conditions, including cardiovascular disease, 
colon cancer, non-alcoholic fatty liver disease, metabolic syndrome and obesity (Wang 
et al., 2011; Tremaroli and Backhed, 2012; Vipperla and O’Keefe, 2012; Knaapen et al., 
2013). In addition, gut microbiota contributes to the physiological performance of the host 
by processing non-digestible polysaccharides and synthesising vitamins and other key 
biomolecules (Cani and Delzenne, 2009; Martens et al., 2009; Paliy et al., 2009). Also, 
bacterial profile in obese individuals differs from leaner counterparts by presenting lower 
diversity, altered composition and increased ability to extract energy from nutrients (Backhed 
et al., 2004; Turnbaugh et al., 2006; Cani and Delzenne, 2009; Murphy et al., 2010; Clemente 
et al., 2012). Recent findings support the feasibility to improve obesity-associated features 
by modifying intestinal microbiota composition. A novel therapy has emerged, known as 
fFaecal microbial transplants (FMT), in which gut microbiota from a healthy donor are 
transplanted to an obese subject (Vrieze et al., 2010; van Nood et al., 2014). Additionally, 
dietary interventions could also contribute to the modulation of bacterial profile (Zhang et 
al., 2010; Zhang et al., 2012; Cotillard et al., 2013; Parks et al., 2013; David et al., 2014). 
Thus, improvement of gut bacterial composition by means of dietary treatments or by using 
a more targeted method, such as giving specific bacterial strains, could be a novel approach 
to the treatment of obesity. 

Human studies have shown that dietary calcium intake is inversely associated with body 
weight, body fat or body mass index (Zemel et al., 2000; Schrager, 2005; J Zhou, 2010; Soares 
et al., 2011) and although weight loss is sometimes not dramatic, it would be considered 
significant at a population level (Song and Sergeev, 2012; Soares et al., 2014). Transgenic 
animal models (with an overexpression of the agouti gene in adipocytes) have helped in the 
elucidation of the potential mechanism of calcium in these particular cells (Zemel et al., 
2000; Zemel, 2004; Sun and Zemel, 2007; Yoda et al., 2015). Overall, it is suggested that 
this nutrient (sometimes in conjunction with vitamin D) increases faecal energy loss and 
contributes to a negative energy balance (Soares et al., 2014). Furthermore, it has also been 
observed in non-transgenic rodents that dietary calcium, even in the presence of a high-fat 
diet, leads to less weight gain and fat deposition in mice than expected considering the fat 
content of the diet (Parra et al., 2008), but its’ mechanism of action is still unclear.

The present study was carried out to get further insight on the mechanism of action 
of calcium by analysing targeted gut microbiota in mice and its potential contribution to 
the beneficial effects on body weight management. Additionally, the hypothesis whether 
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the transplant of faeces from calcium-fed animals would confer a favourable environment 
leading to body weight reduction was tested.

4.2.2. Methods and Materials
As for Chapter 1, a detailed description of the methodology used in this chapter is 

specified in section 3. General Methods. 

Two animal experiments were carried out for this study, referring to both Experiment 
1 and Experiment 2 (detailed in section 2. Objectives and Experimental Procedure). For 
Experiment 1, dietary treatment is as described in 3.2.1. Dietary treatment; for Experiment 
2, treatment was followed as explained in 3.2.1. Dietary treatment and 3.2.2. Bacterial 
transplant. Sacrifice of animals and collection of liver, epididymal white adipose tissue, 
small intestine and caecum were performed as detailed in 3.1. Animals. Weight of animals 
from Experiment 1, estimated food intake, body fat (day 40), plasma glucose and HOMA-
IR have been previously published (Laraichi et al., 2013). 

Blood glucose concentration, fasting insulin, plasma leptin, insulin, LPS and lipid 
profile were analysed using commercial kits as detailed in 3.3. Determination of plasma 
parameters. On the other hand, total lipid levels and NEFAs were determined in liver from 
Experiment 1 following the protocol detailed in 3.5. Extraction and quantification of lipid 
levels and 3.6. Histological analysis. 

Total RNA extraction from liver, eWAT and small intestine was carried out as 
explained in 3.7. RNA extraction following the “Tripure reagent method”. Samples were 
retrotranscribed and real-time PCR was carried out for the analysis of genes of interest as 
explained in 3.11. Retrotranscription and Real Time PCR. All primers were designed, except 
ribosomal protein L32 (Backhed et al., 2004) and angiopoietin-like 4 (Angptl4) (Fleissner et 
al., 2010) and obtained from Sigma Aldrich Química SA (Madrid, Spain), and are described 
in Table 4.5. Beta-actin was used as the reference gene for liver and eWAT, whereas L32 for 
small intestine. The threshold cycle was calculated by the instrument’s software (StepOne 
Software v2.0), and the relative expression of each gene was calculated using the LinReg 
program (Ramakers et al., 2003). 

Moreover, total bacterial DNA was extracted according to the protocol described in 
3.8. Bacterial DNA extraction, and assessment of the presence and relative amount of 
bacterial species was determined following 3.12. Bacterial profiling with qPCR. Forward 
and reverse sequences for Clostridium coccoides, Clostridium leptum and Lactobacillus 
spp. (Firmicutes representatives); Bacteroides/Prevotella (Bacteroidetes); Bifidobacterium 
spp. (Actinobacteria); Akkermansia muciniphila (Verrucomicrobia); Enterobacteriaceae 
(Proteobacteria) are described in Table 4.3. The threshold cycle was calculated as explained 
in Chapter 1, by using the 2−ΔΔCt method (Pfaffl, 2001), and calculating relative bacterial 
content and fold change (FC) (Log22

−ΔΔCt) vs. the HF group in both experiments. 
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Table 4.5. Primers designed for amplification of genes of interest in liver and eWAT from mice 
in Experiment 1.
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Data are presented as a mean ± SEM. Equality of variances between groups was assessed 
by Levene’s test. When homogeneity of variances was assumed, either a Student’s t-test 
or a one-way ANOVA was used to determine the significance of the different parameters 
between groups. If there was a significant difference (in the case of one-way ANOVA), a 
Bonferroni test was used to determine where the difference lay and to correct for multiple 
testing. When homogeneity of variances was not assumed, data were log transformed. Linear 
relationships between key variables were tested using Pearson’s correlation coefficients. 
Threshold of significance was set at P<0.05. PCA was performed to assess associations 
between gene expression levels measured in the liver and eWAT. Loadings with a score 
>±0.6 were considered significant. Analysis was performed using the SPSS program for 
Windows version 21.0 (SPSS, Chicago, IL, USA).

4.2.3. Results

Experiment 1
Calcium supplementation increases length of the small intestine and induces the 
expression of Angptl4

Animals supplemented with calcium showed longer small intestine at sacrifice (by 11%, 
p=0.002) in comparison with controls (Figure 4.3.A). Furthermore, dietary calcium was 
associated with a 6-fold increase (p=0.001) in the expression of Angptl4 mRNA (Figure 
4.3.B). A positive correlation was found between Angptl4 expression and intestine length 
(r=0.61, p=0.021) and, interestingly, a negative association of Angptl4 expression with body 
weight (r=-0.64, p=0.013) and percentage of body fat (r=-0.76, p=0.002) (Figure 4.3.C) was 
found.

Dietary calcium increases caecum weight and has a prebiotic effect on gut 
microbiota

In accordance with longer small intestine, Ca animals also showed increased weight for 
caecum and its content (3-fold vs. HF, p= 0.000 and 2-fold vs. HF, p=0.008, respectively) 
(Figure 4.4.A). In contrast, a significant decrease in bacterial DNA content in caecum 
faeces was observed in these mice (3-fold vs. HF, p=0.027), which was accompanied by 
differences in gut microbiota composition. Calcium-fed animals exhibited increased levels 
of Bifidobacterium spp. (5.16 Log2 FC, p=0.000) and Bacteroides/Prevotella (1.00 Log2 FC, 
p=0.000), whereas addition of calcium to a HF diet was associated with a significant decrease 
in C. coccoides (-0.67 Log2 FC, p=0.010) and C. leptum (-1.23 Log2 FC, p=0.000). Concerning 
Lactobacillus spp., a tendency to increase was observed, although this was not statistically 
significant (Figure 4.4.B). No differences in A. muciniphila and Enterobacteriaceae were 
seen between groups (data not shown).
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Figure 4.3. Calcium increases small intestine length and Angptl4 expression in mice. Animals 
receiving calcium supplementation in Experiment 1 presented A) longer small intestine and B) 
increased Angptl4 mRNA expression. C) Correlations with body weight, body fat and intestine length 
were found with Angptl4 mRNA expression. Data are mean ± SEM of 6-8 animals/group. Statistically 
significant differences between groups were assessed by a Student’s t-test (p<0.05). Correlations 
between mRNA levels and parameters of interest were carried out using Pearson’s correlation 
coefficients (p<0.05). 
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In addition, these changes in microbiota associated with higher calcium intake presented 
interesting correlations with anthropometric and glucose-related parameters. Whilst 
representatives of the Firmicutes phylum (Clostridium spp.) were negatively correlated 
with intestinal length, caecum weight and faeces, Bacteroidetes and Actinobacteria 
(Bifidobacterium spp.) showed strong and positive correlations with intestinal length and 
caecum weight. Furthermore, Firmicutes bacteria, particularly C. leptum, correlated positively 
with body weight, percentage of body fat, glucose and HOMA-IR, whereas Bacteroidetes 
and Actinobacteria presented strong and negative correlations with these parameters. These 
associations are summarised in a correlation matrix (Table 4.6). 

Figure 4.4. Levels of representative bacterial groups in mice caecum are altered by diet.  A) Mice 
receiving the Ca diet presented increased caecum and caecum faeces weight at the end of Experiment 
1. B) Bacteria from caecum faeces were analysed in all groups. DNA abundance of 16S rRNA gene 
of the representative bacterial groups Firmicutes, Bacteroidetes and Actinobacteria was analysed in 
mouse caecum and normalised with the average of the HF group (2−ΔΔCt). Fold change versus HF 
group was calculated (Log2 FC) and is indicated below each column. Data are mean ± SEM of 6-8 
animals/group. Statistically significant differences between groups were assessed by a Student’s t-test 
(p<0.05).
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Increased levels of Angptl4 mRNA and Bifidobacterium spp. correlate with lower 
levels of plasma LPS

Considering that calcium supplementation increased potentially beneficial bacteria in 
caecum faeces, it was of interest to test whether this was reflected on other host parameters. 
Plasma LPS was significantly lower in the Ca group (p=0.023) (Figure 4.5.A), and was 
negatively correlated with Bifidobacterium spp. (r=-0.60, p=0.030) and intestinal Angptl4 
mRNA (r=-0.57, p=0.05) (Figure 4.5.B).

Calcium supplemented animals presented decreased liver lipid content
To check for presence of hepatic steatosis, both total lipid content and NEFAs were 

quantified in liver samples. Histological analysis showed that all HF animals developed 
grade 3 steatosis, whereas animals under dietary calcium showed a scattered pattern: three 
presented grade 3 steatosis, two showed grade 2 and the remaining three had no steatosis 
at all (Figura 4.6.A), in accordance with the lower lipid content found in this group (24%, 
p=0.001) (Figure 4.6.B). No difference was seen regarding NEFAs (data not shown). 

Table 4.6. Correlations found between specific bacteria species and parameters associated with 
obesity in mice under a HF diet alone or supplemented with calcium. Body weight, body fat 
(day 40), plasma glucose and HOMA-IR have been previously published in (Laraichi et al., 2013). 
Correlations between specific bacterial groups, metabolic markers of interest and gastrointestinal 
tract characteristics at sacrifice were carried out using Pearson’s correlation coefficients (p<0.05). 
Significant correlations are marked as follows: * =p<0.05, ** =p<0.01.

Intestinal 
Length (cm)

Caecum (g) Caecum
Faeces (g)

Body
Weight (g)

Body Fat (%) Glucose 
(mg/dl)

HOMA-
IR

Clostridium coccoides -0.563*
0.023

-0.578*
0.038

-0.424
0.140

0.469
0.060

0.628**
0.009

0.373
0.150

0.303
0.250

Clostridium leptum -0.619*
0.011

-0.758**
0.003

-0.643*
0.018

0.680*
0.004

0.724**
0.002

0.774**
0.000

0.652**
0.006

Bacteroides/Prevotella 0.750**
0.001

0.712**
0.006

0.389
0.210

-0.716**
0.003

-0.871**
0.000

-0.683**
0.005

-0.647**
0.009

Bifidobacterium spp. 0.602*
0.014

0.881**
0.000

0.477
0.099

-0.710**
0.002

-0.847**
0.000

-0.830**
0.000

-0.732**
0.001
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Dietary calcium is associated with differential gene expression in adipose and 
liver

Expression of adipokines and genes involved in glucose metabolism, inflammation, 
stress, lipogenesis and lipolysis were studied in both liver and eWAT in order to determine 
whether addition of calcium to a HF diet had an impact on these tissues (individual data not 
shown). Following, a PCA was performed to identify whether liver and eWAT metabolism was 
differentially regulated between the two studied groups. The first three principal components 
explained 54.6% of the total variance (Figure 4.6.C). The most important loadings from 
PC1, PC2 and PC3 are shown in Table 4.7, and the complete set of data is found in Table 4.8. 

Figure 4.5. Plasma LPS decreases with calcium supplementation and negatively correlates 
with Bifidobacterium spp.  A) Plasma LPS (EU/ml) was lower in animals receiving a calcium-
supplemented diet.  B) This was negatively correlated with Bifidobacterium spp. and Angptl4 mRNA 
levels. Data are mean ± SEM of 6-8 animals/group. Statistically significant differences between 
groups were assessed by a Student’s t-test (p<0.05). Correlations were carried out using Pearson’s 
correlation coefficients (p<0.05). 
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PCA was able to completely separate HF from Ca animals by changes in expression 
levels in 23 key genes, showing a major involvement of eWAT in comparison with liver. 

PC1 (28.4%) indicated that the main differences between groups were associated with 
the expression of five genes in eWAT and two in liver. In eWAT, two sets of genes were 
responsible of PC1: Rbp4 (-0.86), the lipogenesis-associated gene Dgat2 (-0.81) and Lep 
(-0.72), which were all found to be lower in Ca animals (p=0.000, p=0.000 and p=0.000, 
respectively) and the stress-related gene Xbp1 (0.84) and its spliced form Xbp1s (0.79), 
which were higher in Ca mice (p=0.000 and p=0.002, respectively). Regarding liver, PC1 
discriminated between groups by differences found in Emr1 (0.62), involved in inflammation, 
and Srebf-1c (0.69), which is involved in lipogenesis activation. Both were more expressed 
in Ca animals vs. HF (p=0.013 and p=0.001, respectively). Gene expression levels are shown 
in Figure 4.6.D. 

Regarding PC2 (13.7%), the variables with higher loadings were found exclusively in 
liver. Those found to be significantly different between groups were Ucp2 (0.66) (p=0.012) 
and the stress related gene Xbp1 (0.76) (p=0.023), both presenting higher expression levels 
in Ca mice. In contrast, six other genes presented significant loadings in PC2 although 
did not attain differences in gene expression among groups. These included: Lipe (-0.62), 
gene involved in lipolysis; Pcyt2 (-0.72), involved in the biosynthesis of ethanolamine 
phospholipids; Sptlc2 (0.67) and Dgat2 (0.75), genes associated with lipogenesis pathways; 
and Pparα (0.63) and Cpt1a (0.82), linked to fatty acid oxidation. 

Finally, PC3 (12.5%) discriminated between groups by genes found in eWAT. On one 
hand, Slc2A4 (0.64) (p=0.025), involved in glucose uptake, and Emr1 (0.78) (p=0.020), 
involved in inflammation, were found to be significantly decreased in Ca animals. On the 
other hand, lipid-related genes Sorl1 (0.91), with a role in membrane trafficking, Lrp1 (0.79), 
associated with lipoprotein clearance, and Ucp2 (0.74) were not significantly different 
between groups. This was also found for Tnfα (0.61), an inflammation marker, and Atf3 
(0.84), involved in the stress response.
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Table 4.7. Most significant loadings of PC1, PC2 and PC3 found for liver and eWAT in HF and 
calcium-supplemented mice. Most significant loadings of Principal Components 1, 2 and 3 obtained 
from the PCA of key genes in eWAT and liver of mice from Experiment 1. Loadings were considered 
significant >±0.6. Portion of variance and cumulative variance (%) refer to the overall gene analysis, 
including non-significant loadings (in detail in Table 4.8.).

PC1 PC2 PC3
Gene expression in eWAT

Rbp4 -0.855* -0.033 0.212
Dgat2 -0.814* -0.249 0.207
Lep -0.723* -0.112 0.573
Slc2A4 0.843* 0.118 0.018
Emr1 0.791* -0.141 -0.102
Atf3 -0.026 -0.076 0.913*
Sorl1 -0.134 -0.073 0.837*
Lrp1 0.026 -0.176 0.788*
Tnfα -0.498 -0.004 0.783*
Ucp2 0.239 0.042 0.741*
Xbp1 -0.535 0.238 0.636*
Xbp1s 0.155 -0.395 0.609*

Gene expression in liver
Pparα 0.688* 0.449 -0.053
Sptlc2 0.623* 0.442 -0.137
Pcyt2 0.013 -0.717* 0.062
Dgat2 0.149 -0.617* 0.157
Cpt1a 0.078 0.821* -0.263
Lipe 0.260 0.760* -0.498
Xbp1 0.054 0.750* 0.090
Ucp2 -0.002 0.660* 0.359
Emr1 0.553 0.657* -0.163
Srebf-1c -0.449 0.632* -0.305

Portion of 
variance (%)

28.4 13.7 12.5

Cumulative
variance (%)

28.4 42.1 54.6
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PC1 PC2 PC3
Gene expression in eWAT

Rbp4 -0.855* -0.033 0.212
Dgat2 -0.814* -0.249 0.207
Lep -0.723* -0.112 0.573
Xbp1 0.843* 0.118 0.018
Xbp1s 0.791* -0.141 -0.102
Sorl1 -0.026 -0.076 0.913*
Atf3 -0.134 -0.073 0.837*
Lrp1 0.026 -0.176 0.788*
Emr1 -0.498 -0.004 0.783*
Ucp2 0.239 0.042 0.741*
Slc2A4 -0,535 0.238 0.636*
Tnfα 0.155 -0.395 0.609*
Retn -0.393 0.193 0.546
Sptlc2 0.168 -0.443 0.433
iNOS -0.537 -0.572 0.261
Pcyt2 0.396 0.385 0.174
Cpt1a 0.201 0.133 0.165
Ddit3 0.516 -0.199 0.102
Lipe 0.031 -0.066 -0.242

Gene expression in liver
Srebf-1c 0.688* 0.449 -0.053
Emr1 0.623* 0.442 -0.137
Pcyt2 0.013 -0.717* 0.062
Lipe 0.149 -0.617* 0.157
Cpt1a 0.078 0.821* -0.263
Xbp1 0.260 0.760* -0.498
Dgat2 0.054 0.750* 0.090
Sptlc2 -0.002 0.660* 0.359
Ucp2 0.553 0.657* -0.163
Pparα -0.449 0.632* -0.305
Fgf21 0.550 0.474 -0.174
Ddit3 0.297 0.429 -0.422
Atf3 0.231 0.075 -0.384
Sorl1 -0.175 -0.544 -0.189
Lrp1 -0.223 -0.401 -0.094
PparƔ -0.320 -0.126 0.321
Xbp1s -0.534 -0.009 0.017
Portion of variance (%) 28.4 13.7 12.5
Cumulative variance (%) 28.4 42.1 54.6

Table 4.8. Detailed list of all genes submitted to PCA from both liver and eWAT from mice 
in Experiment 1. List includes significant and non-significant loadings. Loadings were considered 
significant >±0.6. Portion of variance and cumulative variance (%) refer to the overall gene analysis, 
including non-significant loadings.
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Experiment 2
FMT from calcium fed animals is not able to counteract HF induced weight gain 

In light of the results obtained in Experiment 1, we decided to assess whether the 
specific bacterial species found under calcium supplementation were able to have an impact 
on body weight per se and therefore to improve metabolic features in HF fed animals. A 
second experiment was undertaken involving a weekly FMT from mice fed a calcium-
enriched diet to mice under a HF diet, the transplanted group (T). Body weight increase of 
the T group showed a tendency to be lower than in HF group, but no significant differences 
were observed (Figure 4.7.A). This was in accordance with body fat content, in which T 
animals did not differ from HF mice at day 30 in contrast to what was seen in Ca group 
(Figure 4.7.B). 

Specific biomarkers of interest were analysed in plasma in order to ascertain if, although 
no significant differences were seen in body weight and fat mass, FMT from Ca animals 
improved metabolic parameters associated with a HF diet and obesity in T animals. 

No significant differences were observed between HF and T groups concerning plasma 
leptin, which was lower in Ca animals (p=0.000) in accordance with Experiment 1 (Laraichi 
et al., 2013). Although insulin was not different between groups, HOMA-IR was lower in 
calcium supplemented mice compared to both HF and T animals (p=0.024). The assessment 
of lipid profile in plasma of the T group was also undertaken, and significant differences 
were found for NEFAs and glycerol, which in both cases were lower in Ca animals (p=0.037 
and p=0.037, respectively), and in the case of NEFAs T group showed values in between. No 
differences were seen in TG concentration (Table 4.9.).

Figure 4.7. Body weight increase and body fat mass at different time points of microbiota 
transplanted mice. A) Body weight (g) of the T group showed no differences vs. HF by the end of the 
experiment. B) This was in accordance with body fat mass content (%), which was determined using 
an EchoMRI-700 TM at day 0 and day 30 of the experiment. Data are mean ± SEM of 6-8 animals/
group. Letters indicate differences amongst groups; a one-way ANOVA followed by a Bonferroni test 
was carried out (p<0.05). 
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HF Ca T P value
Leptin (ng/ml) 5.98±0.24a 3.75±0.33b 6.31±0.19a 0.000
Insulin (pmol/l) 33.2±4.39 23.4±2.03 32.8±3.29 0.060
HOMA-IR 5.17±0.89a 3.09±0.28b 5.12±0.56a 0.024
NEFAs (mg/dl) 19.3±0.03a 9.7±0.04b 12.1±0.05ab 0.037
Glycerol (mg/ml) 0.46±0.10ab 0.34±0.07a 0.81±0.16b 0.037
TGs (mg/ml) 0.43±0.06 0.46±0.03 0.38±0.05 0.441

Table 4.9. Plasma biomarkers do not improve in mice receiving bacterial transplant. Biochemical 
parameters were determined at the end of Experiment 2 in mice. Plasma leptin (ng/ml), HOMA-IR, 
NEFAs (mg/dl) and glycerol (mg/ml) levels were significantly different amongst groups, whereas 
insulin (pmol/l) and TG (mg/ml) content did not differ. Data are mean ± SEM of 8 animals/group. 
Letters indicate differences amongst groups; one-way  ANOVA followed by Bonferroni test (p<0.05).

Bacterial profile is not modified in animals receiving FMT 
Calcium supplemented animals presented higher weights of caecum and caecum faeces 

vs. HF, in accordance with Experiment 1. However, this effect was not observed in mice 
receiving the FMT (Table 4.10). In addition, DNA content was lower in T animals (p=0.048). 

On the other hand, FMT was not able to induce a significant modulation in bacterial 
profile of HF fed animals and only calcium supplementation modified gut microbiota 
composition in a similar way as observed in Experiment 1 (Table 4.10). Of the Firmicutes 
spp. representatives, no impact was observed on Clostridium spp. whereas Lactobacillus 
spp. showed a significant increase in the Ca group (3.91 Log2 FC, p=0.006). This pattern 
was also seen for Bacteroides/Prevotella (1.62 Log2 FC, p=0.023) and Bifidobacterium spp. 
(3.14 Log2 FC, p=0.000), however Enterobacteriaceae levels were lower in calcium group 
(-0.88 Log2 FC, p=0.008). 

Table 4.10. DNA levels of representative bacterial groups in mice caecum are altered by calcium 
supplementation but not in T animals. Caecum and caecum faeces (g) increased in calcium-
supplemented animals. Bacterial DNA content in caecum faeces (μg bacterial DNA/mg faeces) 
was lower in T group. Bacterial species were analysed in transplanted mice and no differences were 
seen compared to HF group. Data are mean ± SEM of 8 animals/group. Letters indicate differences 
amongst groups; a one-way ANOVA followed by Bonferroni test (p<0.05) was carried out.

HF Ca T P value
Caecum (g) 0.09±0.01a 0.29±0.05b 0.11±0.01a 0.006
Caecum faeces (g) 0.08±0.01a 0.17±0.01b 0.09±0.01a 0.000
DNA (µg DNA/g faeces) 265±28.8a 215±25.4ab 157±28.2b 0.048
Bacteria species (2−ΔΔCt)
Clostridium coccoides 1.04±0.10 1.01±0.05 0.82±0.09 0.192
Clostridium leptum 1.04±0.11 1.13±0.19 0.95±0.09 0.650
Lactobacillus spp. 1.14±0.23a 5.31±1.80b 0.84±0.13a 0.006
Bacteroides/Prevotella 1.19±0.26a 3.37±0.95b 1.29±0.34a 0.023
Bifidobacterium spp. 0.87±0.17a 12.8±3.00b 0.71±0.20a 0.000
Akkermansia muciniphila 0.99±0.35 9.84±1.26 11.3±4.44 0.063
Enterobacteriaceae 1.02±0.08ab 0.55±0.05a 1.60±0.41b 0.008
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4.2.4 Discussion

It is suggested that gut microbiota plays a role in obesity (Lozupone et al., 2012; Blaut, 
2014; Tai et al., 2015), and that diet has a significant impact on its composition (Zhang et 
al., 2010; Zhang et al., 2012; Cotillard et al., 2013; Parks et al., 2013; David et al., 2014), 
implying that adequate manipulation could be a useful tool in weight management. This 
study shows that calcium supplementation in dietary obese animals favours an interplay 
between microbiota and host metabolism, by exerting a prebiotic-like effect on potentially 
beneficial bacteria in the gut, which in turn promoted the induction of intestinal Angptl4. 
Both effects were correlated with lower plasma endotoxin LPS in host animals and with a 
leaner phenotype. 

In recent years, it has been underlined that bacteria composition in the gastrointestinal 
tract plays a role in metabolic imbalances such as obesity (Lozupone et al., 2012; Blaut, 
2014; Tai et al., 2015), which is usually characterised by a loss of microbial diversity, in 
particular affecting members of the Firmicutes, Bacteroidetes and Actinobacteria phyla 
(Backhed et al., 2004; Turnbaugh et al., 2006; Cani and Delzenne, 2009; Murphy et al., 
2010; Clemente et al., 2012; Tremaroli and Backhed, 2012). Calcium intake decreased 
both Clostridium spp., analysed as representative bacteria of the Firmicutes phylum and, 
in agreement with the potential adverse role of these bacteria in obesity (Nadal et al., 2009; 
Santacruz et al., 2010; Parks et al., 2013), both were found to be positively correlated with 
body weight and fat. Furthermore, dietary calcium acted in a prebiotic manner by promoting 
a significant increase on the two species analysed from the Bacteroidetes and Actinobacteria 
phyla, Bacteroides/Prevotella and Bifidobacterium spp., suggesting that calcium provided 
the adequate environment for their growth. Both bacteria correlated with host parameters 
which were indicative of a healthier metabolic profile, including lower hepatic lipid content 
in comparison to HF mice and decreased degree of liver steatosis. In addition, Ca animals 
showed lower body weight and fat mass and improved fasting plasma glucose levels and 
HOMA-IR, bacteria-host associations which have been previously found in both animal 
models and human studies (Cani et al., 2007; Santacruz et al., 2010; Neyrinck et al., 2011; 
Clemente et al., 2012; Cano et al., 2013; Everard and Cani, 2013) but not assessed under 
calcium supplementation as in the present study. 

An increase in Bifidobacterium spp. has been shown to induce a reduction in 
endotoxaemia and inflammatory tone (Griffiths et al., 2004; Wang et al., 2006). In 
accordance, Bifidobacterium spp. was negatively correlated with plasma LPS, a bacteria-
derived molecule involved in the onset of low-grade inflammation in tissues such as liver 
and eWAT (Duca and Lam, 2014). At the same time, a negative correlation with LPS and 
intestinal Angptl4, which is thought to be a potential adiposity regulator, was also observed. 
Angptl4 expression is reduced under HF diets, whereas supplementation with compounds 
with prebiotic characteristics stimulates its expression, which inhibits LPL activity and 
decreases fatty acid uptake (Xie et al., 2011; Qiao et al., 2014).  What was seen in our 
study is in tune with these observations since calcium supplementation increased Angptl4 
expression in comparison with the HF diet, which may be attributable to its prebiotic effect 
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on specific bacterial species. To our knowledge, this is the first evidence that dietary calcium 
modulates Angptl4, potentially contributing to the action of this compound on body weight 
and fat.

PCA discriminated HF and calcium supplemented groups regarding liver and adipose 
gene expression, which may suggest that this difference is part of the underlying mechanism 
of action of calcium. Main loadings of PCA in eWAT were associated with lower expression 
of the adipokines leptin and Rbp4, as well as the lipogenic enzyme Dgat2, in agreement with 
the overall improvement in body weight and glucose-insulin homeostasis. However, in liver 
they were associated with the induction of Emr1, a murine marker of macrophage infiltration. 
These data confirm the lower lipogenic potential observed in liver and suggest an apparent 
inflammatory state under calcium supplementation. Within this context, a recent report 
linked attenuated lipogenesis in visceral adipose tissue to the induction of inflammatory and 
endoplasmic reticulum (ER) stress markers and this was associated to a down-regulation 
of branched chain amino acids and tricarboxylic acid cycle (Burill et al., 2015). These 
adaptations may take part in the metabolic response induced by calcium and drive towards 
the healthier phenotype observed in this group. Further research on the molecular targets of 
dietary calcium in adipocytes is required to fully understand the slimming action of calcium, 
although our results indicate that a certain induction of ER stress markers could be required 
in order to decrease fat accretion and adipokine production in visceral fat, which would 
ultimately contribute to a healthier phenotype.

The use of faecal transplants for the treatment of certain diseases has recently generated 
a lot of interest, albeit it is not a new concept (see recent review (Borody et al., 2014)). 
Some evidence suggests bacteria as causative agents in both animal models (Backhed et 
al., 2004; Turnbaugh et al., 2008; Turnbaugh et al., 2009) and human (Kootte et al., 2012) 
studies of obesity and, although many of these studies demonstrate that microbiota plays an 
important role in weight gain and fat mass acquisition, other studies suggest that diet can 
sometimes override the effect of microbiota on these features (Fei and Zhao, 2013; Ridaura 
et al., 2013). One of the main questions regarding differences in microbiota profile between 
lean and obese status is whether it is causality or effect. Here, the faecal transplant carried 
out suggests that host bacteria grown under a HF diet could not be superseded by those from 
calcium-supplemented animals, and was not able to induce any beneficial effects regarding 
body weight, body fat and plasma profile. Calcium allowed beneficial bacteria to thrive, but 
these did not seem to be capable to colonise another host gastrointestinal. This gives weight 
to the idea that dietary input, including calcium in itself, could be stronger than a FMT 
and that, for this latter one to work, it may have to be accompanied by a dietary change, as 
suggested also in previous studies (Fei and Zhao, 2013; Ridaura et al., 2013).

In conclusion, our data show that calcium is able to modulate gut microbiota in a 
specific and prebiotic manner. A cross-talk between host tissue and gut microbiota seems 
to be established, promoting a healthier metabolic profile even in presence of a high fat 
diet. However, lack of effectiveness of FMT suggests the need of an appropriate dietary 
environment in addition to the bacteria per se. These results, if confirmed in humans, prove 
of interest in the potential use of calcium as part of a dietary strategy for obesity.
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4.3. CHAPTER 3

 
Body fat loss induced by calcium in co-supplementation with 

conjugated linoleic acid is associated with increased expression of 
bone formation genes in adult mice

The potential of conjugated linoleic acids and calcium in weight management in animal 
models and human studies has been outlined, as well as their use to prevent bone loss at critical 
stages. In addition, it has been suggested that bone remodelling and energy metabolism 
are regulated by shared pathways and involve common hormones such as leptin. We have 
previously shown that supplementation with CLA and calcium in adult obese mice decreases 
body weight and body fat. The aim of the present study was to assess the effects of these 
two compounds on bone and energy metabolism markers on bone. Mice (C57BL/6J) were 
divided into five groups according to diet and treatment (up to 56 days): control (C), high-fat 
diet (HF), HF+CLA (CLA), HF+calcium (Ca) and HF with both compounds (CLA+Ca). At 
the end of treatment, bone formation markers were determined in plasma and expression of 
selected bone and energy markers was determined in tibia by qPCR. Results show that CLA 
was associated with decreased tibia weight and minor impact on bone markers, whereas 
calcium, either alone or co-supplemented with CLA, maintained bone weight and promoted 
the expression of bone formation genes such as bone gamma-carboxyglutamate protein 2 
(Bglap2) and collagen Iα1 (Col1a1). Furthermore, it had a significant effect on key players in 
energy metabolism, in particular leptin and adiponectin tibia receptors. Overall, in addition 
to the weight loss promoting properties of calcium, on its own or co-supplemented with 
CLA, our results support beneficial effects on bone metabolism in mice.
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4.3.1. Background
In recent years it has been suggested that the skeleton should be considered an endocrine 

organ due to its close relationship with energy metabolism, as well as with glucose and 
fat management. A decade ago it was proposed that both bone remodelling and energy 
metabolism are regulated by common hormones and further studies have proved that leptin, 
which appeared in evolution together with the skeleton, is involved in the regulation of bone 
(see review (Ferron and Lacombe, 2014)). In addition, obesity can offer some protection 
against the development of osteoporosis, although adverse effects of mechanical loading 
caused by excess body weight are also apparent (Cao et al., 2010; Cao, 2011). 

The main biochemical marker of bone formation processes is osteocalcin, an osteoblast-
specific, non-collagenous, vitamin K-dependent molecule. Lee et al. (Woo et al., 2007) showed 
that bone regulates energy metabolism using an osteocalcin knock-out mice model, in which 
animals were glucose intolerant and overweight. Further studies have shown that this animal 
model also shows lower pancreatic β-cell proliferation, decreased insulin production and 
hyperglycaemia, effects that are reversed when given osteocalcin (Ferron et al., 2008; Hinoi 
et al., 2008; Wei et al., 2014). On the other hand, human studies have shown that patients 
with obesity and/or metabolic syndrome presented lower concentrations of osteocalcin in 
serum, as well as showing a negative association between osteocalcin and body weight, body 
mass index, fasting triglycerides, plasma glucose, insulin and HOMA-IR (Kanazawa et al., 
2011; Pollock et al., 2011; Bullo et al., 2012; Gower et al., 2013). Furthermore, the metabolic 
activity of osteocalcin is in turn regulated by leptin (Karsenty, 2011). Together, this evidence 
supports the role of skeleton as an endocrine organ contributing to the regulation of energy 
balance. 

Studies have shown that feeding a high-fat diet can result in impaired bone formation 
(Cao et al., 2009; Cao et al., 2010). On the other hand, it has been seen that both calcium 
and conjugated linoleic acids may have a positive effect on bone metabolism in cell cultures 
(Fulzele et al., 2010; Kim et al., 2013) and mice (Banu et al., 2008; Karsenty, 2011; Park 
and Terk, 2011; Park et al., 2013), particularly on their potential in the prevention of 
postmenopausal bone loss and osteoporosis. This is of interest when considering their well-
documented role on energy metabolism by promoting weight loss and reducing adiposity 
levels in a dose dependent manner (Parra et al., 2008; Parra et al., 2010a; Parra et al., 2010b; 
Parra et al., 2010c; Laraichi et al., 2013).

The aim of this study has been to assess whether calcium and CLA had an added effect 
on bone and energy-related metabolic markers in tibia in obese animals. To our knowledge, 
this is the first in vivo study that looks into the effects of dietary co-supplementation with 
CLA and calcium regarding energy-associated gene expression in bone.
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4.3.2. Materials and Methods
As for Chapter 1 and Chapter 2, a detailed description of the methodology used in this 

section is specified in section 3. General Methods. 

The animals used in this experiment refer to those described for Experiment 1 (detailed 
in section 2. Objectives and Experimental Procedure), and dietary treatment is as explained 
in 3.2.1. Dietary treatment. Sacrifice of animals and collection of white adipose tissue 
(including epididymal, retroperitoneal, mesenteric and inguinal adipose tissue) and tibia of 
animals were performed as detailed in 3.1. Animals. Bones were divided into two parts using 
diagonal pliers and snap frozen at -80°C.

Determination of plasma proteins using enzyme-linked immunosorbent assays was 
carried out using commercial kits (3.3. Determination of plasma parameters). These included 
undercarboxylated osteocalcin, osteocalcin and propeptide of 1 collagen C-propeptide. 

Total RNA extraction from bone was carried out as explained in 3.7. RNA extraction 
following the “Qiagen Mini Kit RNeasy” protocol. This protocol was based on a previously 
published method (Carter et al., 2012). Approximately 200mg of tibia was ground by mortar 
and pestle, and homogenised with Tripure Reagent at full speed for 45s. Samples were then 
centrifuged at 8600 x g for 15s at room temperature. RNA was extracted from the supernatant 
with the RNeasy Mini Kit. 

Samples were retrotranscribed and real-time PCR was carried out for the analysis of 
genes of interest in tibia as explained in 3.11. Retrotranscription and Real Time PCR. All 
primers were designed except for Blgap2 (Xiao et al., 2011), Insr (Irwin et al., 2006) and 
OST-PTP (personal communication, G Karsenty 2012), and are described in Table 4.11. 
Got2 and Trim27 were used for normalization as reference genes. The relative expression of 
each gene analysed is presented as a percentage of the expression found in NF mice using 
the 2−ΔΔCt method (Pfaffl, 2001). The threshold cycle was calculated by the instrument’s 
software (StepOne Software v2.0), and the relative expression of each gene was calculated 
using the LinReg program (Ramakers et al., 2003). 

Data are presented as means ± SEM. Equality of variances between groups was assessed 
by Levene’s test. When homogeneity of variances was assumed, one-way ANOVA was used 
to determine the significance of the different parameters between groups. If there was a 
significant difference, a Bonferroni test was used to determine where the difference lay and 
to correct for multiple testing. When homogeneity of variances was not assumed, data were 
log transformed. Linear relationships between key variables were tested using Pearson’s 
correlation coefficients. Threshold of significance was set at P<0.05. The analysis was 
performed using the SPSS program for Windows version 21.0 (SPSS, Chicago, IL, USA).
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Table 4.11. Nucleotide sequences of primers used for PCR amplification in tibia. Genes have 
been previously described in the text, except for Fgf23 (Fibroblast growth factor 23), Lepr (leptin 
receptor), Ins1 (insulin) and Adipor2 (adiponectin receptor 2).

Gene Symbol Forward and
reverse primer

Accession Number

Reference  genes Got2 F:tctgcctctgccaatcgtatgcc
R:gagaagtcaggatggttgctgcg

NM_010325.2

Trim27 F:gcggagactaacgtgtcgtg
R:gggcatctggtcctgctc

NM_009054.3

Bone metabolism Bglap2 F:ctgacctcacagatcccaagc
R:tggtctgatagctcgtcacaag  

NM_001032298.2

OST-PTP F:cagtcactccagcaaggtca
R:caatgcgctgttcagacagt

AF300701.1

Fgf23 F:atgctagggacctgccttaga
R:agccaagcaatggggaagtg

NM_022657.4

Col1a1 F:gctcctcttaggggccact
R:ccacgtctcaccattgggg

NM_007742.3

Energy metabolism Lep F:ttgtcaccaggatcaatgaca
R:gacaaactcagaatggggtgaag

NM_008493.3

Lepr F:cctgtgcacattcccagccca
R:actggaacggaaccttgaggcttt

NM_146146.2

Adrb2 F:actcaggaacgggacgaag
R:gcacacgccaaggagattat

NM_007420.3

Ins1 F:accgtgtaaatgccactgaa
R:cggatggactgtttgtaacct

NM_008386.3

Insr F:ccaaccatctgtaagtcaca
R:acatcaagttgctggaatcatg

NM_010568.2

Adipor1 F:aggaagaggaggaggaggtg
R:gaaaggagggcataggtggt

NM_028320.3

Adipor2 F:tacacacagagacgggcaac
R:aaaaggaaaggcagagaatgg

NM_197985.3
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4.3.3. Results
Calcium co-supplementation with CLA counteracts obesity induced by HF 
feeding preventing bone loss

Significant differences were observed amongst groups regarding WAT weight (p=0.000). 
HF diet was associated with increased adipose tissue in comparison to the rest of the groups, 
which was not totally counteracted by CLA supplementation (p=0.000 vs. NF), but calcium 
enriched diet and in co-supplementation with CLA (Ca and CLA+Ca groups) was able to 
maintain control levels (Figure 4.8.A). Impact on bone weight was observed in the groups 
studied (p=0.012). CLA supplemented animals presented lower tibia weight (19% less, 
p=0.015 vs. NF), whereas calcium prevented tibia weight loss (Figure 4.8.B).

Plasma OC levels are decreased by co-supplementation of calcium with CLA 
and correlate positively with WAT weight

Relevant plasma bone biomarkers were analysed. Significant differences were found 
amongst groups for OC (p=0.010), which was particularly lower in animals co-supplemented 
with CLA and calcium (p=0.041 vs. NF). Furthermore, OC in plasma was positively 
correlated with WAT (r=0.377, p=0.021) (Figure 4.9.A). However, high variability was 
observed between groups and no differences were found concerning undercarboxylated 
osteocalcin and propeptide of 1 collagen C-propeptide concentrations in plasma (Figure 
4.9.B).

Figure 4.8. WAT and tibia weight. A) White adipose tissue (g) and B) tibia (g) weights of animals 
were recorded at sacrifice, showing significant differences amongst groups. Data are a mean ± SEM 
of 7-8 animals/group. Letters indicate differences amongst groups; one-way ANOVA followed by a 
Bonferroni test (p<0.05). 
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Both CLA and calcium supplementation stimulate OST-PTP expression, 
whereas in co-supplementation induce an increase in the expression of bone 
formation markers 

Gene expression of selected bone metabolism genes was determined in mouse tibia. 
OST-PTP, Bglap2 and Col1a1 mRNA expression showed significant changes throughout 
groups (p=0.000, p=0.016 and p=0.005, respectively), whereas no effects were observed 
for Fgf23. OST-PTP expression was higher in animals which received either CLA (2.4 fold, 
p=0.000) or calcium (1.8 fold, p=0.024) compared to NF, and according to its proposed role 
as a regulator of bone growth, mRNA levels were negatively correlated with tibia weight 
(r=-0.410, p=0.016). Furthermore, positive correlations were found between expression of 
OST-PTP and plasma glucose (r=0.542, p=0.001) and HOMA-IR index (r=0.436, p=0.009) 
(Figure 4.10.A). On the other hand, Bglap2 mRNA was significantly increased in animals 
receiving calcium supplementation, alone or together with CLA (p=0.026 and p=0.035 vs. 
NF, respectively). 

Figure 4.9. Plasma biomarkers. A) Plasma osteocalcin levels (ng/ml) were lower in CLA+Ca 
animals, and correlated positively with white adipose tissue weight (g). B) uOC and P1CP (ng/
ml) showed no significant differences between groups. Data are a mean ± SEM of 6-8 animals/
group. Letters indicate differences amongst groups; one-way ANOVA followed by a Bonferroni test 
(p<0.05).
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This profile, which could suggest higher bone formation potential, was accompanied 
by an increase in Col1a1 mRNA levels, particularly in CLA+Ca animals (p=0.026 vs. NF) 
(Figure 4.10.B). 

Figure 4.10. Expression of bone (re)modelling genes in tibia. A) OST-PTP mRNA (%) levels were 
found to be significantly higher in CLA and Ca animals. OST-PTP expression negatively correlated 
with tibia weight, whereas positive correlations were found with plasma glucose and HOMA-IR 
index. B) Bglap2 and Col1a1 mRNA (%) expression was induced by co-supplementation, whereas 
no effects were seen on Fgf23 mRNA. Data are a mean ± SEM of 6-8 animals/group. Letters indicate 
differences amongst groups; one-way ANOVA followed by a Bonferroni test (p<0.05). Linear 
relationship between key variables were tested using Pearson’s correlation coefficients (p<0.05).
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Figure 4.11. Expression of energy metabolism associated genes in tibia. A) Lepr was lower in HF, 
CLA and CLA+Ca groups, whereas calcium maintained control values. Moreover, bone Lepr mRNA 
negatively correlated with plasma leptin. No differences were seen for Lep. B) No effect was seen 
on Adrb2. C) Insr was increased in CLA+Ca animals, whilst no differences were seen for Ins1. D) 
Adipor1 was significantly increased in calcium supplemented animals, and although Adipor2 levels 
were higher in CLA+Ca, this was not significant. Data are a mean ± SEM of 6-8 animals/group. Letters 
indicate differences amongst groups; one-way ANOVA followed by a Bonferroni test (p<0.05). Linear 
relationship between key variables were tested using Pearson’s correlation coefficients (p<0.05).
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Both CLA and calcium supplementation have a significant impact on energy 
metabolism associated genes’ expression in tibia

The effect of calcium and CLA supplementation on the expression of energy-related 
genes was determined in tibia. 

Dietary intervention had a significant impact on the expression of the leptin and insulin 
receptors (Lepr (p=0.000) and Insr (p=0.004), respectively) whereas no effect was observed 
on the expression of their respective targets. HF diet caused a decrease in expression of Lepr 
(p=0.034 vs. NF), which was not recovered in either CLA (p=0.025 vs. NF) or CLA+Ca 
(p=0.034 vs. NF) groups; however, calcium supplementation was able to restore control 
levels. Interestingly, Lepr expression in tibia showed a significant negative correlation with 
leptin levels in plasma (r=-0.326, p=0.049) (Figure 4.11.A). Concerning adiponectin receptor 
mRNA levels, dietary intervention modulated the expression of the Adipor1 (p=0.011), 
particularly in calcium supplemented animals (p=0.009 vs. NF), whereas the rest of the 
groups maintained control values (Figure 4.11.D). No effects were observed concerning 
expression of Adrb2 (Figure 4.11.B) and Adipor2 (Figure 4.11.D).

4.3.4 Discussion
The idea that the skeleton acts as an endocrine organ has been recently put forward, 

suggesting it plays a key role integrating whole-organism homeostasis in its interaction with 
other tissues and systems, being regulation of energy metabolism one of the novel aspects 
under extensive study (Ferron and Lacombe, 2014). A number of studies have underlined 
the potential of CLA and calcium in weight management in both animals (Parra et al., 
2008; Parra et al., 2010a; Parra et al., 2010b; Parra et al., 2010c; Laraichi et al., 2013) 
and humans (McCrorie et al., 2011; Soares et al., 2011). In addition, their use to prevent 
bone loss at critical stages has raised some interest in the past few years (Banu et al., 2008; 
Karsenty, 2011; Park and Terk, 2011; Park et al., 2013). Our data show that under dietary 
conditions that induce obesity such as the HF diet, both oral supplementation of CLA and 
an enriched calcium diet have a significant effect on expression of key genes associated 
with both bone and energy metabolism. However, the most interesting results were obtained 
when CLA was given in co-supplementation with calcium. In this regard, CLA animals 
exhibited decreased tibia weight, but when given together with calcium, bone weight was 
maintained, expression of bone formation markers were stimulated and this was associated 
with counteraction of body fat accretion and body weight gain. Because these compounds 
are usually used independently to aid in weight loss strategies, these results are suggestive 
that a joint combination would show higher benefits.

Concerning the molecular mechanisms involved, levels of OC were assessed, being 
the hormone that contributes to the cross-talk between bone and adipose tissue. However, 
contrary to what was initially expected, plasma osteocalcin concentration was found to be 
lower in co-supplemented animals and positively associated with adipose mass. Plasma 
OC is considered a marker of bone formation (Clemens and Karsenty, 2011; Ferron and 
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Lacombe, 2014) conferring beneficial effects on insulin sensitivity (Hwang et al., 2009; 
Kanazawa et al., 2009; Iglesias et al., 2011), and is therefore usually found to be negatively 
associated with body fat (Ducy et al., 1996; Ferron et al., 2008; Kindblom et al., 2009; 
Saleem et al., 2010). Unfortunately, additional determination of the undercarboxylated and 
active form of osteocalcin uOC did not contribute to shed more light on the role of OC. 
As stated in previous studies, this is a protein difficult to measure with precision (Polgreen 
et al., 2012; Ferron and Lacombe, 2014). Accordingly, a high variability between samples 
was observed, making it hard to reach to a specific conclusion as to the effects of CLA and 
calcium supplementation on the degree of active osteocalcin. 

The use of CLA in the prevention of osteoporosis and bone mass loss has been extensively 
studied, but results are still inconsistent and there is no straight-forward consensus on whether 
it promotes bone formation or resorption [discussed in review (Dilzer and Park, 2012)]. 

This inconsistency has been put down to various factors, sometimes associated with 
the nature of CLA. CLA is a term that designs a family of compounds which includes two 
main bioactive isomers, cis-9, trans-11 (9,11-CLA) and trans-10,cis-12 (10,12-CLA) CLA, 
which show different physiological properties (Ing and Belury, 2011). 9,11-CLA diminishes 
osteoblast differentiation and increases adipocyte differentiation, whereas 10,12-CLA has 
an opposite effect (Platt and El-Sohemy, 2009; Kim et al., 2013). Furthermore, when the 
isomers are given together, 10,12-CLA is responsible for the improvement of bone mass, 
in particular when given with calcium (Park and Pariza, 2008; Park and Terk, 2011; Park 
et al., 2013). Decreased tibia weight in CLA animals, which was counteracted when given 
in co-supplementation with calcium, could be partially explained by the changes observed 
in skeleton gene expression. Both CLA (made up of both isomers) and calcium separately 
stimulated an increase in the expression of OST-PTP mRNA, a gene encoded by Esp, which is 
a negative regulator of OC secretion in bones and an inhibitor of OC decarboxylation (Ducy, 
2011). Accordingly, bone OST-PTP expression was negatively correlated to tibia weight, 
and positively associated with plasma glucose and HOMA-IR, associations which have also 
been previously described (Woo et al., 2007; Ferron et al., 2010). Furthermore, these data 
suggest that the expression of OST-PTP induced by CLA could explain the negative effect 
on glucose metabolism which has been previously described in this animal model using this 
dose of CLA (Laraichi et al., 2013). However, calcium in co-supplementation with CLA was 
able to keep OST-PTP expression at control levels and was accompanied by induction of the 
expression of bone formation genes, in particular Bglap2 and Col1a1 (Mantila Roosa et al., 
2011); as a result, these animals did not show reduced bone weight. 

Moreover, the analysis of expression of energy-metabolism associated genes on tibia 
supports the feasibility that bone acts as an endocrine organ in a tight relationship with 
energy metabolism, and is able to respond to dietary interventions.  An impact was mainly 
observed on gene expression of key receptors in bone. Groups with higher leptin plasma 
levels (Laraichi et al., 2013) (HF and CLA animals) showed lower expression of Lepr on 
bone, and presented lower tibia weight. Karsenty et al. have done extensive work on this 
subject and have shown that leptin acts as an inhibitor of bone mass accrual, by reducing 
bone formation and increasing bone resorption (Karsenty, 2011; Karsenty and Ferron, 2012). 



In agreement, calcium animals maintained plasma leptin at control levels (Laraichi et al., 
2013), as well as bone Lepr expression and tibia weight. Moreover, Insr and Adipor1 were 
also induced by dietary calcium intake. Insr is a tyrosine kinase involved in the regulation 
of insulin signalling, particularly in skeletal muscle and adipose tissue (Ramalingam et al., 
2013), although it is expressed in a wide variety of cells such as osteoblasts (Ferron et 
al., 2010).  Knock-out mice for the insulin receptor in osteoblasts are glucose intolerant 
and insulin resistant (Fulzele et al., 2010), supporting the hypothesis that correct insulin 
signalling in bone is necessary for glucose homeostasis in the organism. The increase 
observed in CLA+Ca animals of insulin receptor expression, particularly in comparison 
with CLA animals, is therefore of interest, since it would contribute to the improvement of 
glucose sensitivity seen in these animals (Laraichi et al., 2013).

Although adiponectin function is mainly associated with adipose tissue, the presence 
of the two receptors in osteoblasts, and evidence that it exerts its action in an autocrine/
paracrine manner, suggest that adiponectin plays an important role in bone physiology in 
cross-talk with adipose tissue (Shinoda et al., 2006). The increased expression of Adipor1 
observed by calcium supplementation would fit with the induction seen on bone formation 
genes Bglap2 and Col1a1, contributing to the maintenance of bone mass. 

Overall, we have shown that dietary supplementation with the two bioactive isomers of 
CLA and calcium, particularly co-supplemented, are able to modulate the expression of genes 
involved in bone (re)modelling and energy metabolism in tibia. Furthermore, interesting 
correlations are seen with key metabolism players, such as plasma leptin, suggesting an 
interaction with energy homeostasis and body fat content in adult mice. Although further 
research is needed, this study highlights the beneficial effect of CLA in co-supplementation 
with calcium on bone health, supporting the fact that bone is able to respond to dietary 
inputs, and points out that strategies aiming to counteract obesity should take into account 
the potential cross-talk between adipose tissue and the skeleton.
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4.4. CHAPTER 4

 
Methylation analysis in fatty acid related genes reveals their 

plasticity associated with nutrient supplementation in adult mice

Epigenetic regulation seems to play a role in many conditions, including obesity, and 
could be the potential link between diet and disease. DNA methylation is one of the most 
extensively studied mechanisms within epigenetics, and it is suggested that diet-induced 
changes in methylation status could be involved in energy metabolism regulation. Taking 
this into consideration, we have previously shown that conjugated linoleic acids and 
calcium supplementation counteract body weight gain under a high-fat diet in adult mice, 
and hypothesised that these compounds could be modulating DNA methylation pattern in 
target genes and tissues. To test this hypothesis, mice (C57BL/6J) were divided into five 
groups according to diet and treatment (56 days): control (C, 12% kJ content as fat), HF 
group (43% kJ content as fat), HF+CLA (6 mg CLA/day), HF+Ca (12 g/kg) and HF with 
both (CLA+Ca). Methylation degree of CG dinucleotides in promoter sequences of key 
genes of fatty acid fate and metabolism in liver and adipose tissue, stearoyl-CoA desaturase 
and fatty acid synthase, as well as adiponectin, were determined at the end of the treatment 
by bisulphite sequencing in liver and epididymal adipose tissue. Results showed that 
methylation profile of the promoters was significantly altered by nutrient supplementation in 
a gene- and tissue-specific manner, in particular by calcium (including co-supplementation 
with Ca+CLA), which were associated with an overall healthier metabolic profile. These 
findings therefore show that dietary supplementation is able to modify the methylation 
pattern of genes involved in fat balance regulation in and adulthood setting.
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4.4.1. Background
The increasing prevalence of obesity has become a worldwide phenomenon, becoming 

a major health threat since it can lead to a variety of metabolic defects. Obesity is a multi-
factorial disease resulting from multiple genetic and environmental factors and their 
interactions (Swinburn et al., 2011). 

Epigenetic mechanisms with the potential to modify the expression of genes are 
potential mediators of gene–environment interactions. DNA methylation is considered the 
most important epigenetic mechanism involved in the regulation of gene expression. The 
association between genetics and obesity has been demonstrated in many studies and a 
relationship has been found between the methylation status of C-phosphate-G (CpG) islands 
located on specific genes and obesity (Martinez et al., 2012; Moleres et al., 2013; Burgio et 
al., 2014). Although most studies focus on early life stages, when epigenetic programming is 
well known to occur (Godfrey et al., 2011; Palou et al., 2011; Lesseur et al., 2013), research 
is also being put into the effect of diet in adult animal models where gene-nutrient interaction 
might also modify methylation profile in an epigenetic and reversible fashion, particularly 
during “dietary transitions” such as situations of caloric restriction and excess of energy 
intake in adulthood (Jimenez-Chillaron et al., 2012).

Previous studies have shown that conjugated linoleic acid and calcium supplementation 
can regulate energy metabolism and fat deposition by reducing weight gain, although side-
effects are associated to high doses of CLA, seen in rodents (Parra et al., 2010a; Parra et 
al., 2010c). While the underlying mechanisms are not totally understood, a major role for 
glucose and lipid metabolism genes seems to be involved. Therefore, it is of interest to 
look into the effect these compounds have on key genes involved in fatty acid metabolism, 
particularly in liver and adipose tissue. Stearoyl-CoA desaturase (Scd1) is a major regulator 
of lipid storage in both tissues, in close connection with fatty acid synthase (Fasn) which 
is involved in de novo lipogenesis (Menendez et al., 2009; Narce et al., 2012; Hodson and 
Fielding, 2013; Ameer et al., 2014). In addition, it is also of interest to study adiponectin 
(Adipoq), an adipokine with insulin-sensitising and anti-inflammatory effects and relevant in 
energy regulation (Nigro et al., 2014; Ghoshal and Bhattacharyya, 2015). 

Therefore, the aim of this study was to investigate whether CLA, calcium and co-
supplementation with both given under HF feeding conditions, as well as HF compared 
to controls, were able to modulate the expression of Scd1, Fasn and Adipoq in liver and 
epididymal adipose tissue in adult mice, as well as to characterise their methylation profile 
in the promoter, which could be contributing to the underlying mechanism of action of these 
nutrients on energy metabolism regulation.
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4.4.2. Materials and Methods
As for the previous chapters, a detailed description of the methodology used in this 

chapter is specified in section 3. General Methods. 

The animals used in this experiment refer to those described for Experiment 1 (detailed 
in section 2. Objectives and Experimental Procedure) and dietary treatment is as described in 
3.2.1. Dietary treatment. Body weight, estimated food intake, body fat (day 40) and plasma 
parameters have been previously published in (Laraichi et al., 2013). Sacrifice of animals 
and collection of liver and epididymal white adipose tissue was performed as detailed in 3.1. 
Animals. 

Total RNA extraction from liver and eWAT was carried out as explained in 3.7. RNA 
extraction following the “Tripure reagent method”. Samples were retrotranscribed and real-
time PCR was carried out for the analysis of genes of interest in both tissues as explained in 
3.11. Retrotranscription and Real Time PCR. All primers were designed and are described in 
Table 4.12. The threshold cycle (Ct) was calculated by the instrument’s software (StepOne 
Software v2.0), and the relative expression of each gene was calculated using the LinReg 
program (Ramakers et al., 2003). Beta-actin was used as the reference gene.

Genomic DNA from liver and eWAT was extracted as detailed in 3.9. Genomic DNA 
extraction and analysed for CpG methylation pattern of Adipoq, Scd1 and Fasn was 
determined using direct sequencing (as described in 3.13. Bisulfite analysis). Bisulfite-
specific primers are described in Table 4.13. After sequencing, the sequences obtained were 
aligned with the original sequence using BiQ Analyzer HT (Lutsik et al., 2011)2011 for a 
quality control check (>80% alignment and >90% conversion rate). A commercial standard 
was used as a control for conversion rate (Universal Methylated Mouse DNA Standard, 
Zymo Research, Irvine, CA, USA). For quantification of the degree of methylation per CpG 
in each fragment, the peak height of cytosine (phc) was divided by the sum of cytosine and 
thymine (phc+t) and multiplied by 100 (phc / phc+t x 100) (Jiang et al., 2010) using Chromas 
Lite version 2.01 software (Technelysium Pty Ltd 2007). In order to distinguish individual 
CpGs in the following text a number as indicator of their relative position in the promoter 

Table 4.12. Primers used for Adipoq, Scd1 and Fasn mRNA detection by qPCR. Forward and 
reverse sequences designed for qPCR amplification in epididymal white adipose tissue and liver 
samples of mice. Actb (beta-actin) was used as a reference gene for normalization.

Gene Forward Reverse Size 
(bp)

Adipoq gctcaggatgctactgttg tctcacccttaggaccaag 241
Scd1 ggaaatgaacgagagaaggtg ccgaagaggcaggtgtagag 227
Fasn cggcgagtctatgccactat acacagggaccgagtaatgc 222
Actb tacagcttcaccaccacagc tctccagggaggaagaggat 120
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and the initial letter of the gene were added (Adipoq CpG: CpGA; Scd1 CpG: CpGS; and 
Fasn CpG: CpGF). Predicted transcription factor binding sites were identified with AliBaba2 
soſtware with a homology of 75% (Grabe, 2000).

All data are presented as means ± SEM and methylation is represented as a percentage 
(%). Assessment of methylation of promoters was carried out by analysing individual CpG 
sites and, in the case of Fasn gene, three CpG islands were considered and identified as: 
region 1 (R1), -968bp to -750bp; region 2 (R2), -580bp to -500bp; and region 3 (R3), -380bp 
to -300bp, taking the transcription start site (TSS) as the reference point (+1). Normal 
distribution of all variables was assessed using a Levene’s test. If homogeneity of variances 
was assumed, a one-way ANOVA was used to determine the significance of the different 
parameters between all five groups. A Bonferroni test was carried out as a post-hoc test 
when a significant difference was found. When homogeneity of variances was not assumed, 
data were log transformed. When comparing methylation levels (%) of individual groups 
between tissues, a Student’s t-test was carried out. Associations between key variables were 
tested using Pearson’s correlation coefficients. Threshold of significance was set at P<0.05. 
The analysis was performed using the SPSS program for Windows version 21.0 (SPSS, 
Chicago, IL, USA).

Table 4.13. Bisulfite specific primers for Adipoq, Scd1 and Fasn. Forward and reverse sequences 
used for bisulfite sequencing in epididymal white adipose tissue and liver samples of mice.

Gene Forward and
reverse primer

Size (bp) Reference

Adipoq F:tttggtttagtaagtggagtatattt
R:aaacctaatttaatccaacttaaatctaa

539 Perl Primer (Marshall, 2004)

Scd1 F:tcttagggatcgcaaagtgcctgttt
R:aagggatacactattgttttcccgg

316 Schwenk et al. 2013

F:ggatgctggctgaagggatacacta
R:cgggcttcacaggaggcacattagc

396 Schwenk et al. 2013

Fasn F:gggttatgatgattggtagtaattt
R:aatataaatcaaacatacttaatcacacta

330 Perl Primer (Marshall, 2004)

F:gggaagggaataatttttttaggtat
R:acaataaacaaaataaaaaacactaac

297 MethPrimer (Li and Dahiva, 2002)



Alice Chaplin. Doctoral Thesis

100

4.4.3. Results
Expression of genes in eWAT and liver is modulated by CLA and calcium 
supplementation 

HF diet did not affect the expression of the genes studied in a significant way in 
comparison with animals fed a NF diet, although a tendency to decreased expression in liver 
was observed. Concerning the impact of supplementation, differences were seen for Adipoq 
(p=0.016) in eWAT, and for Scd1 (p=0.000 and p=0.000) and Fasn (p=0.000 and p=0.005) 
in eWAT and liver, respectively. 

Regarding eWAT, Adipoq mRNA was significantly decreased in Ca in comparison with 
co-supplemented animals (50% less, p=0.010); Scd1 expression was increased in CLA (3-
fold, p=0.000 vs. NF) and CLA+Ca animals (2.4-fold, p=0.005 vs. NF), and was positively 
correlated with fasting glucose (r=0.502, p=0.002) and HOMA index (r=0.468, p=0.004); 
and Fasn mRNA was lower in calcium supplemented animals (75% less, p=0.009 vs. NF) 
(Figure 4.12.A). 

Figure 4.12. (A) mRNA levels of Adipoq, Scd1 and Fasn in eWAT. A) CLA and calcium 
supplementation modulated mRNA expression of Adipoq, Scd1 and Fasn in eWAT. Expression of 
Scd1 mRNA correlated with fasting glucose (mg/dl) and HOMA-IR in eWAT. Data are the mean ± 
SEM of 8 animals/group. Letters indicate differences amongst groups; one-way ANOVA followed by 
Bonferroni test. Linear relationships were tested using Pearson’s correlation coefficients (p<0.05).
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In liver, expression of Scd1 was significantly decreased by calcium (75% less, p=0.000 
vs. NF) and CLA+Ca supplementation (80% less, p=0.000 vs. NF) and showed positive 
correlations with body weight (r=0.329, p=0.038) and percentage of body fat (r=0.471, 
p=0.002). Furthermore, Fasn expression was decreased by calcium (50% less, p=0.007 vs. 
NF) and by CLA+Ca (50% less, p=0.013 vs. NF) in comparison with controls, following the 
tendency shown by high-fat diet feeding (Figure 4.12.B).

Methylation profile of Scd1 and Fasn differs between eWAT and liver
Considering CLA and calcium had an effect on mRNA expression, which was tissue-

specific, analysis of methylation levels in the promoter region of both genes in eWAT and 
liver was performed. 

When looking at overall methylation levels, it was observed that both Scd1 and Fasn 
promoters showed a higher degree of methylation in eWAT than in liver. In particular, for 
Scd1 this effect was statistically significant in NF (p=0.006), Ca (p=0.006) and CLA+Ca 
(p=0.011) groups (Figure 4.13.A), animals which present overall healthier metabolic profiles 
vs. HF diet alone (Laraichi et al., 2013) whereas for Fasn, NF (p=0.032) and HF (p=0.019) 
groups presented a higher degree of methylation (Figure 4.13.B).

Figure 4.12. (B) mRNA levels of Scd1 and Fasn in liver. B) CLA and calcium supplementation 
modulated mRNA expression of Scd1 and Fasn in liver. Expression of Scd1 mRNA correlated with 
body weight and body fat. Data are the mean ± SEM of 8 animals/group. Letters indicate differences 
amongst groups; one-way ANOVA followed by Bonferroni test. Linear relationships were tested 
using Pearson’s correlation coefficients (p<0.05).
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Dietary supplementation decreases DNA-methylation levels of CpG located at 
-462bp in Adipoq promoter in Adipoq promoter 

The region analysed of the Adipoq promoter contained two CpG sites (Figure 4.14.A). 
No differences were observed between groups regarding methylation profile in liver (data 
not shown). Concerning eWAT, differences in methylation pattern between groups were 
found at CpG2A (-462bp) site (p=0.000) (Figure 4.14.B). 

Methylation levels were lower in treated groups, particularly in animals receiving 
calcium (p=0.011 vs. NF) and CLA+Ca (p=0.005 vs. NF), whereas no specific impact 
of HF diet was observed. Interestingly, methylation degree of CpG2A was accompanied 
by positive correlations with body weight (r=0.369, p=0.021) and percentage of body fat 
(r=0.527, p=0.001) (Figure 4.14.C).

Methylation level of CpG13S in Scd1 promoter correlates in an opposite manner 
with plasma glucose in eWAT and liver

Twenty-six CpG sites in the promoter region of Scd1 were analysed (Figure 4.15.A), 
of which seven were found to be methylated in liver and four in eWAT. No differences in 
methylation status were found with HF feeding at any CpG site. However, CLA and calcium 
supplementation did have an effect on methylation profile in a tissue-specific manner. 

In eWAT, differences between groups were only seen at CpG5S (-766bp) site (p=0.028), 
which presented lower methylation degree in CLA+Ca animals (p=0.049 vs. NF)  (Figure 
4.15.B). Despite the lack of statistically significant differences regarding the methylation 
degree of CpG13S (-633bp) between groups, its methylation status was negatively correlated 
with Scd1 gene expression in eWAT (r=-0.336, p=0.042), as well as with fasting glucose   
(r=-0.388, p=0.013) and HOMA-IR (r=-0.387, p=0.015) (Figure 4.15.C). On the other hand, 
liver Scd1 promoter showed decreasing methylation levels from CpG3S (-840bp) to CpG6S 
(-761bp), although no specific effect of dietary supplementation was observed on those sites. 
Dietary treatment modified the methylation degree of CpG7S (-756bp) (p=0.027), with levels 

Figure 4.13. Overall methylation levels of Scd1 and Fasn are higher in eWAT than in liver. 
Overall methylation levels of A) Scd1 and B) Fasn were found to be higher in eWAT. Data are the 
mean ± SEM of 8 animals/group. A Student’s t-test was carried out to assess differences between 
tissues (p<0.05); an asterisk (*) indicates differences amongst groups. 
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higher in animals receiving CLA and calcium (although the post-hoc test did not identify 
any statistically significant differences), and of CpG13S (p=0.026), which showed higher 
levels of methylation in the CLA group in comparison to CLA+Ca animals (p=0.021). Minor 
impact was observed on CpG14S (-597bp) (Figure 4.15.D). 

Furthermore, a positive correlation was found between the methylation degree of 
CpG13S site and fasting glucose (r=0.369, p=0.019) (Figure 4.15.E).

Figure 4.14. Methylation levels of individual CpGs of Adipoq are modulated by nutrient 
supplementation and correlate with body weight and body fat. A) Outline of the methylation sites 
detected in Adipoq promoter. B) Dietary treatment, in particular calcium and co-supplementation with 
CLA, modulated methylation status of CpG sites found in Adipoq promoter of eWAT. C) Methylation 
degree of CpG2A correlated positively with body weight and body fat. Data are the mean ± SEM 
of 8 animals/group. Letters indicate differences amongst groups; one-way ANOVA followed by 
Bonferroni test (p<0.05). Linear relationships were tested using Pearson’s correlation coefficients. 
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Figure 4.15. Methylation levels of individual Scd1 CpGs are modulated by nutrient 
supplementation and correlate with glucose homeostasis. A) Detected methylation sites in Scd1 
promoter are outlined. Nutrient supplementation had an impact on methylation levels of CpGs found 
in Scd1 promoter of B) eWAT and D) liver in a tissue-specific way. CpG13S in particular was found 
to be correlated with mRNA Scd1 levels and metabolic parameters in C) eWAT and E) liver. Data are 
the mean ± SEM of 8 animals/group. Letters indicate differences amongst groups; one-way ANOVA 
followed by Bonferroni test (p<0.05); an asterisk (*) shows that no differences between groups were 
found by Bonferroni, but that ANOVA indicates a difference overall. Linear relationships were tested 
using Pearson’s correlation coefficients. 
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Methylation profile of Fasn promoter shows a differential response to dietary 
supplementation between tissues

Three CpG islands were assessed in the promoter of Fasn gene (Figure 4.16.A). Fifty 
CpG sites were analysed and eight were found to be methylated. In eWAT, the degree of 
methylation of R1 (-968bp to -750bp) and R3 (-380bp to -300bp) was significantly different 
amongst groups (p=0.000 and p=0.022, respectively) (Figure 4.16.B). 

Figure 4.16. Methylation levels of Fasn promoter are modulated by nutrient supplementation in 
tissue-specific way. A) Outline of the CpG islands detected in Fasn promoter. Methylation degree of 
R1 (-968bp to -750bp), R2 (-580bp to -500bp) and R3 (-380bp to -300bp) in B) eWAT and C) liver was 
altered by dietary treatment in a tissue-specific manner. C) Furthermore, correlations were found with 
Fasn mRNA expression. Data are the mean ± SEM of 8 animals/group. Letters indicate differences 
amongst groups; one-way ANOVA followed by Bonferroni test (p<0.05). Linear relationships were 
tested using Pearson’s correlation coefficients. 
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Table 4.14. Correlations found between DNA methylation degree of individual Fasn CG 
dinucleotides and metabolic parameters. The association between the methylation degree of 
individual Fasn CG dinucleotides with body fat, glucose, HOMA-IR and mRNA expression of Fasn 
is presented in the following correlation matrix. Linear relationships were tested using Pearson’s 
correlation coefficients (R). Significant correlations are marked as follows: * =p<0.05, ** =p<0.01.

However, in liver differences were seen in R2 island (-580bp to -500bp), showing a 
general decrease in the methylation status of all the groups in comparison with controls 
(p=0.001), which correlated with Fasn expression (r=0.461, p=0.007) (Figure 4.16.C).

Methylation levels of CpG sites differed amongst groups in both tissues, especially in 
eWAT, where differences were seen in all CG dinucleotides identified except for CpG2F 
(-877bp) and CpG48F (-369bp). Of the eight sites found to be methylated, the main effect 
observed was in animals receiving CLA, alone or with calcium, in comparison with controls, 
whereas HF group did not present any significant changes  (Figure 4.17.A, where individual 
and significant P values are indicated above each CpG). Methylation levels of the furthest 
CpGs were decreased by CLA supplementation, whereas those closest to the TSS showed an 
inverted pattern. An effect of calcium was only observed in CpG3F (-771bp), by decreasing 
its methylation degree. In contrast, the pattern of methylation for Fasn promoter in liver 
was almost unaltered by the treatments in most of the CpGs analysed, and a significant 
effect was only found in CpG20F (-568bp) and CpG22F (-549bp). Decreased methylation 
profile of CpG20F was associated with the calcium-supplemented diet, whereas CpG22F 
was decreased by HF diet, with and without CLA and calcium (Figure 4.17.B).

Furthermore, methylation profile of specific CpGs presented correlations with functional 
biomarkers in both tissues. In eWAT, methylation level of CpG3F was positively correlated 
with percentage of body fat (r=0.405, p=0.011). Furthermore, CpG20F methylation status 
also correlated with percentage of body fat (r=0.413, p=0.010) and with fasting glucose 
(r=0.372, p=0.021), whereas methylation levels of CpG22F positively correlated with both 
fasting glucose (r=0.430, p=0.008) and HOMA-IR (r=0.383, p=0.021). On the other hand, 
in liver, methylation degree of CpG22F was found to be positively correlated to Fasn 
mRNA levels (r=0.331, p=0.037). These results are presented as a correlation matrix in 
Table 4.14.

eWAT Liver
CpG3 CpG20 CpG22 CpG22

R P R P R P R P
Body Fat (%) 0.405* 0.011 0.413* 0.010 0.274 0.101 -0.039 0.810
Fasting Glucose 
(mg/dl)

0.089 0.539 0.372* 0.021 0.430** 0.008 -0.168 0.301

HOMA-IR 0.185 0.267 0.295 0.076 0.383* 0.021 -0.150 0.361
mRNA Fasn (%) -0.089 0.595 -0.066 0.700 0.312 0.064 0.331* 0.037
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Figure 4.17. Individual Fasn CpGs exhibit altered methylation levels under nutrient supple-
mentation in both eWAT and liver. Dietary supplementation, in particular CLA and in co-sup-
plementation with calcium, had an impact on individual CpGs detected in the Fasn promoter of A) 
eWAT, whereas in B) liver this effect was minor. Data are the mean ± SEM of 8 animals/group. Let-
ters indicate differences amongst groups; one-way ANOVA followed by Bonferroni test (p<0.05), 
where an asterisk (*) shows that no differences between groups were found by Bonferroni, but that 
ANOVA indicates a difference overall. Significant P values are indicated above each individual 
CpG.
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4.4.4. Discussion
Epigenetic modulation is considered a key mechanism allowing for the fine tuning 

regarding gene expression. In obesity, evidence showing alterations of gene methylation 
profile associated with dietary interventions support the existence of epigenetic responses 
as underlying mechanisms (Martinez et al., 2014). In addition, the potential modulation by 
dietary ingredients would open up the path for more efficient weight loss strategies.

In this context, CLA and calcium could be useful compounds in weight loss programmes. 
CLA promotes the expression of gastric proteins associated with the modulation of energy 
balance and exerts a prebiotic-like effect (Chaplin et al., 2015), and may contribute to the 
improvement of metabolic parameters associated with obesity in mice (Parra et al., 2010a; 
Parra et al., 2010b; Parra et al., 2010c). In addition, animals supplemented with calcium, alone 
or with CLA, show lower body weight and body fat, and an improved glucose homeostasis 
profile in comparison to HF diet alone, attaining control levels (Laraichi et al., 2013; Parra 
et al., 2008). However, whether epigenetic mechanisms are involved in mediating the weight 
loss promoting action of CLA and calcium is unknown. Therefore, the purpose of this study 
was to determine the possible implication of epigenetic marks promoted by an obesogenic 
diet in fat-associated genes and their potential reversibility induced by a dietary intervention 
with calcium and CLA. 

Results showed that dietary intervention with both compounds was able to modulate 
the methylation profile of specific regions in the promoter of Adipoq, Scd1 and Fasn in a 
tissue-specific way, three key genes selected considering their role in fatty acid handling 
and relevance in obesity. Remarkably, minor differences were observed in the methylation 
status of the genes studied between control and obese animals (NF and HF, respectively), 
suggesting epigenetic marks are not greatly affected during the obesogenic process induced 
by HF diet, at least in the promoters of the genes analysed. In contrast, higher plasticity 
was observed associated with both CLA and calcium supplementation regarding DNA 
methylation, suggesting that the metabolic adaptation seen in these animals is accompanied 
with a specific methylation pattern that may contribute to consolidate a leaner phentoype.

Adiponectin is an adipokine which inhibits obesity development and Type 2 Diabetes 
Mellitus by increasing insulin sensitivity and fatty acid oxidation and by exerting anti-
inflammatory effects (Goshal and Bhattacharyya, 2015; Nigro et al., 2014). Previous studies 
have shown that Adipoq can be modulated in an epigenetic fashion, particularly during 
early life stages (Bouchard et al., 2012; Khalyfa et al., 2013), whereas our results show the 
potential of dietary intervention to promote epigenetic modulation of Adipoq in adulthood. 
Although no major effect was observed associated with the HF diet, the methylation degree 
of Adipoq, in particular of CpG2A, was decreased by CLA and calcium supplementation 
and was directly correlated with body weight and body fat, indicating that animals with 
lower methylation levels in this CpG island presented lower body weight and body fat, 
giving support to a functional role of this region in weight management. CpG2A is nearby a 
Sp1 putative binding site, which could mediate changes in promoter activity as seen during 
adipocyte differentiation (Barth et al., 2002). The relevance of the binding of Sp1 on Adipoq 
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function is also highlighted by the presence of a single nucleotide polymorphism (SNP), 
which in human populations has been associated with susceptibility to develop diabetic 
nephropathy (Zhang et al., 2009). Thus, modulation of CpG2A methylation status associated 
with calcium and CLA supplementation could modify the affinity for Sp1 or associated 
partners, affecting the activity of adiponectin promoter and leading to lower body fat. 

Concerning FASN, one of the key metabolic genes of de novo lipogenesis, the amount 
of change in methylation status seen in individual CpGs (as well as islands) along the Fasn 
promoter suggests that this gene is highly susceptible to alterations by diet, and could well 
be playing an important role in the metabolic improvement seen in animals under calcium 
supplementation. Although few changes were seen in the HF group, Fasn expression was 
decreased in calcium supplemented animals in both eWAT and liver; furthermore, liver Fasn 
mRNA correlated with the methylation status of a CpG island (R2). Analysis of the DNA 
sequence nearby the CpG sites affected showed that Sp1 binding sites were found to be 
close, similar to the scenario observed for Adipoq, in which CpG3F, CpG20F and CpG22F 
are included in the consensus sequence of Sp1. Sp1 has been reported to be essential for 
Fasn promoter activity in adipocytes (Rolland et al., 1996), suggesting that the changes 
observed in eWAT regarding methylation levels could be having an impact on the action 
of Fasn. Furthermore, another six binding sites are found to be adjacent to these CpGs. 
At the same times, these same CpG sites (CpG3F, CpG20F and CpG22F) were correlated 
with glucose metabolism in particular. To our knowledge, no studies have looked into the 
potential relationship between changes in Fasn DNA methylation and glucose homeostasis, 
and therefore these results could prove of interest for future research.

Scd1 is the rate-limiting enzyme for the production of monounsaturated fatty acids, which 
are substrates for the generation of triacylglycerols and complex lipids, but also with a role 
in signal transduction and regulation of cellular processes. SCD1 expression is modulated 
mainly at the transcriptional level by a wide variety of hormones and nutrients and, in 
addition, the numerous transcription factors that may bind to its promoter suggest a finite 
control (Mauvoisin and Mounier, 2011). In eWAT, Scd1 expression was induced by CLA, 
alone and in co-supplementation with calcium, whereas calcium inhibited its expression 
in liver. Furthermore, mRNA expression correlated with body weight and body fat in both 
tissues in an opposite fashion. Therefore, calcium and CLA supplementation regulated 
SCD1 expression in a differential manner, fitting tissue-specific metabolic scenarios and 
driving the organism towards a leaner phenotype. Nutrient supplementation modulated Scd1 
expression in a tissue-specific manner, since in eWAT it was induced by CLA, alone and 
in co-supplementation with calcium, whereas in liver it was found to be lower in calcium 
supplemented animals. Concerning epigenetic marks, specific CpG sites were affected by 
supplementation, where particular attention should be paid to CpG13S, since its methylation 
status not only negatively correlated with Scd1 mRNA in eWAT but also with fasting 
glucose in both tissues in an opposite way. Furthermore, the region surrounding CpG13S 
contains three activating protein-1 (AP-1) binding motifs. AP-1 is a collective term referring 
to dimeric transcription factors composed of Jun, Fos or activating transcription factor 
(ATF) subunits that bind to a common DNA site, the AP-1-binding site. In addition, DNA 
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(cytosine-5)-methyltransferase 1 (DNMT1) normally binds to DNA at AP1 transcription 
factor complexes and specific dietary factors are able to reduce the ability to DNMT1 to bind 
to DNA, leading to reduced DNA methylation (Handel et al., 1995; Spyrou et al., 1995). 
Therefore, differential methylation status nearby the AP-1 site associated with calcium and 
CLA supplementation can be of importance, since members of the AP-1 family are crucial 
for adipocyte development and induced during the first stages (Stephens, 2012), which could 
be linked to improved glucose and insulin homeostasis. Thus, our results contribute to the 
evidence that dietary interventions are able to regulate Scd1 promoter methylation and gene 
expression (Martin-Nunez et al., 2014; Popeijus et al., 2008; Schwenk et al., 2013), and 
suggest that modulation of methylation and mRNA expression may be having an effect on 
glucose metabolism. Functional studies should be carried out to characterise in detail the 
underlying mechanism by which CLA and calcium may be mediating glucose metabolism 
by acting on CpG13S of the Scd1 promoter.

As a final remark, it should be noted that the overall degree of methylation in both 
Scd1 and Fasn promoters was higher in eWAT than in liver, suggesting that the methylation 
marks of these two genes are specific to individual tissues, as observed for the insulin gene 
(Kuroda et al., 2009) but in contrast with that described for adiponectin and leptin (Houde et 
al., 2014). Therefore, our data adds to the idea that nutritional inputs in adulthood can alter 
methylation levels of specific key genes involved in energy regulation. As seen in this study, 
and particularly in the case of calcium and co-supplementation with CLA, this can result in 
an improvement in overall metabolic profile versus HF feeding alone (Laraichi et al., 2013), 
suggesting that effective dietary strategies aiming to decrease body fat also modulate DNA 
methylation in adulthood.
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Although each chapter includes a discussion of the results presented, this section aims 
to present an integrated discussion of all the data that merge from this Thesis. The present 
project aimed to study the effect of CLA and calcium on energy metabolism regulation 
following previous studies carried out in our group. In particular, this project focused on 
the gut microbiota, bone remodelling and epigenetic marks on key genes, topics of current 
interest, but that to date have not been previously studied in this context. The results presented 
in this Thesis therefore shed some light on the potential mechanism of action of these two 
compounds, which have been described to reduce both body weight and fat mass in animal 
models and humans. Furthermore, our results suggest an interplay between the tissues 
studied, such as the potential cross-talk between adipose tissue and bone and the interaction 
of dietary supplementation on gut microbiota and thereby its influence on host metabolism.

On the whole, beneficial effects were mostly seen in calcium-supplemented animals, 
which presented lower body weight and improved plasma [previously published in (Laraichi 
et al., 2013)] and metabolic parameters overall (such as lower leptin expression in eWAT 
and reduced hepatic steatosis); exhibited an increase in potentially beneficial gut microbiota, 
suggesting a prebiotic effect by calcium; and promoted the expression of bone formation 
genes, which could be part of the mechanism contributing to the maintenance of tibia weight. 

On the other hand, CLA supplementation on its own was not as effective on most of 
these parameters, and changes were mainly seen regarding the stimulation of stomach 
protein expression and specific gut microbiota, also suggesting a prebiotic effect but on 
different species as those seen for calcium. This could be attributed to the dosage given, 
since higher doses are associated with a more exaggerated decrease in fat accretion but 
are also accompanied by a negative impact on glucose homeostasis (as explained in the 1. 
General Introduction section). 

Interestingly, co-supplementation of CLA with calcium also showed a beneficial effect. 
Co-supplementation was able to maintain tibia weight and stimulate bone remodelling genes, 
decrease body fat accretion and have a notable impact on epigenetic marks of selected genes 
related to lipid metabolism. 

Altogether, these results are of interest regarding body weight management and indicate 
that these compounds could be taken into account in these types of nutritional interventions. 
The major findings from the present Thesis can be outlined as follows:
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1. CLA and calcium-gut microbiota interaction is a promising tool in body weight 
regulation.

The role of the gut microbiota in overall health has raised a lot of attention in the past 
few years, and results obtained so far in regards to obesity are of great interest. The data 
obtained in this Thesis add to the mounting evidence that diet has a significant impact on gut 
microbial composition, even as much as the change of one particular dietary compound, and 
that adequate manipulation could be a useful tool in weight management strategies. Indeed, 
the data presented are of interest in particular for the prebiotic effect that both CLA and 
calcium exhibit (Chapter 1 and Chapter 2), especially in the case of the latter one, and the 
potential relationship with a healthier metabolic profile. It was of great interest to note how 
calcium animals presented lower plasma LPS levels, suggesting that this compound promotes 
a decreased inflammatory state, tightly associated with obesity, as well as decreased steatosis 
in liver. The increase in stress and inflammation-related genes found to be increased in eWAT 
and liver associated with calcium supplementation was not in tune with the overall metabolic 
profile observed, and should therefore be further studied in order to confirm this effect. 
Considering the overall beneficial effects of this compound on body weight and metabolic 
parameters, it could be that longer supplementation could lower these levels of stress and 
inflammatory gene expression and even reduce them in comparison to HF diet.

In view of the largely beneficial impact observed in calcium-receiving animals (lower 
body weight and body fat mass, improved metabolic parameters and a prebiotic effect on 
specific bacteria), it was of interest to determine whether this effect could be transferred into 
another animal group via a FMT. As mentioned in the results section, the transplant most 
probably did not have a significant effect on recipients due to the lack of an appropriate 
dietary environment, provided when calcium is given as part of the diet. Therefore, bacteria 
alone were not able to thrive in the absence of a suitable substrate. Although FMT trials offer 
promising results, more work is needed to understand how bacterial transplants can be fully 
effective and how obesity treatment can benefit from them. 

2. Bone health, including remodelling features, should be considered in dietary 
interventions aiming at weight loss.

The relationship between the skeleton and energy metabolism regulation has only been 
studied in the past decade, and the interaction is still not fully understood. Studies have been 
previously carried out regarding the effect of CLA and calcium, in cell cultures and rodent 
models mainly, but they generally focused on ovariectomised animals prone to osteoporosis 
and related diseases. This Thesis shows that calcium, alone or in co-supplementation with 
CLA, is able to decrease overall adipose tissue at the same time as maintaining bone weight 
and stimulating bone remodelling gene expression on mouse tibia. Furthermore, the novelty 
this Thesis provides is that energy metabolism genes in bone were also modulated by co-
supplementation (Chapter 3). Interestingly, CLA supplementation on its own reduced tibia 
weight; although there are few studies regarding CLA and bone health, these are inconsistent 
in results, which have been attributed to differences in species, dosage, isomers and duration 
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of the treatment. 

The potentially beneficial effect on bone found in co-supplemented mice is in agreement 
with other studies, suggesting that CLA on one hand improves calcium intestinal absorption, 
whereas at the same time calcium potentiates the effects of CLA on body fat reduction. 
Moreover, it was recently concluded by (Park et al., 2013) that co-supplementation of CLA 
and calcium reduces body fat at the same time as improving bone health, observations 
which are also seen in our study (and that do not occur when given separately, in particular 
regarding CLA). This data therefore adds to the hypothesis of a potential cross-talk between 
the skeleton and adipose tissue. 

3. Gene methylation pattern shows a dynamic profile which can be modified by 
dietary interventions aimed at counteracting obesity. 

Both CLA and calcium modulated specific genes in eWAT and liver, which led us to the 
thought that epigenetic mechanisms could also be involved. Promoter sections of three genes 
related to fatty acid and adipocyte metabolism were analysed for changes in methylation 
status associated with dietary supplementation (Chapter 4). Three important issues can 
be highlighted from this work: on the one hand, that epigenetic changes can occur in an 
adulthood setting and under short-term dietary treatment, which could be easily extrapolated 
to a human setting (in this case, the supplementation of CLA and calcium); that the effects of 
both CLA and calcium on methylation levels of Scd1, Fasn and Adipoq in liver and eWAT 
are tissue- and gene-specific, probably related to the role of these genes in each tissue and its 
associated transcription factors; and finally, that those animals with increased methylation 
levels presented an overall healthier metabolic profile. It was interesting to note that, as seen 
in the bone metabolism study, most differences regarding methylation profile were observed 
in the co-supplemented animals, although further work should be carried out in order to 
determine the importance of these changes on overall energy homeostasis. 

Finally, there are two aspects that can be derived from the present Thesis:

a) Putting results into practice

Considering the results obtained, and from a clinical point of view, the prebiotic effect 
of CLA and calcium could be of great interest in the treatment of obesity. Most prebiotics 
are added to dairy products, and therefore fortification with these two compounds would be 
feasible, readily accessible and accepted by the population (in particular Western societies). 
However, human studies are needed to optimise doses of both compounds. Furthermore, 
the study of their effects on gut microbiota in humans presents facilities, due to being a 
non-invasive procedure in general (regarding sample collection). Prebiotics are currently 
a topic of interest, due to many studies showing their reducing effect on certain diseases. 
Furthermore, studies are also needed in order to fully elucidate the effect of CLA and 
calcium on bone health, but this study, together with others which present similar results, 
points towards a beneficial effect on the skeleton when co-supplemented, together with 
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a potential synergistic effect on weight reduction. Moreover, this could be of particular 
interest in weight loss strategies aimed at population sectors which are more prone to bone 
disease. This Thesis also highlights the importance of considering epigenetic marks caused 
by nutritional intervention and the potential to modulate them towards a healthier imprinting 
by dietary supplementation. Future work on this topic could be done on other tissues (such 
as peripheral blood mononuclear cells), obtained with less invasive methods, in order to 
ascertain potential biomarkers which could be indicative of methylation patterns in tissues 
of interest.

b) Future work and areas for further research

Considering the topics covered by this Thesis are fairly new, the range of possibilities 
and future work is vast. Many points still need to be addressed regarding the effect of these 
compounds on overall health, as well as the impact of short- and long-term supplementation 
and whether there is a direct application in humans. As a starting point, this Thesis followed 
the work carried out previously by our group, using a particular mouse strain susceptible 
to diet-induced obesity, in order to produce a more linear work. The aim of this Thesis was 
to get an overview of a variety of novel mechanisms which have not been studied in this 
context, and results are indicative that more in-depth studies could be carried out.

The work presented covers the main bacterial phyla of interest regarding obesity, and 
considering these are significantly affected, it could be of interest to analyse the whole 
microbiome in order to determine whether other bacterial species are modulated and the 
relevance of their impact on host metabolism. 

In addition, this Thesis has studied bone remodelling and epigenetics from a very 
specific perspective, and further studies could include effects on bone mass and the impact 
on epigenetic marks of a variety of key genes. Furthermore, although many correlations 
were found indicating a potential cross-talk between various tissues and organs, longitudinal 
human studies are needed to prove these associations. 

Studies looking at the effects of specific nutrients are complicated due to the interaction 
of other dietary components. Sometimes, a beneficial effect is seen on one parameter, but 
at the expense of a negative impact on another. Taken as a whole, this Thesis underlines the 
beneficial effect of calcium supplementation in an obese status, which not only restores body 
weight and fat mass to control levels, but also confers favourable effects on gut microbiota 
and bone remodelling in particular. On the other hand, CLA seems to be more beneficial 
when supplemented in conjunction with calcium – although this could initially point out 
to calcium being the main active compound, results obtained regarding bone metabolism, 
adipose tissue and methylation levels show that together they have an added effect. 
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1. CLA stimulates gastric leptin and ghrelin and exerts a prebiotic effect on 
gut microbiota. CLA was able to modulate gastric responses by promoting 
changes in the expression of genes involved in energy regulation, including 
the induction of gastric leptin and ghrelin. In regards to the gut microbiota, 
the prebiotic effect was particularly seen on Bacteroidetes/Prevotella and A. 
muciniphila, which could potentially explain the healthier metabolic profile 
found in these animals.

2. Calcium supplementation exerts a prebiotic effect on gut microbiota, 
promoting an overall healthier metabolic profile. Supplementation with 
calcium stimulated Bifidobacteirum spp. and Bacteroidetes/Prevotella and 
decreased Clostridium spp., as well as reduced endotoxin levels in plasma and 
presented significant correlations with metabolic parameters associated with a 
healthier profile. 

3. Host bacteria grown under a HF diet could not be superseded by those 
from calcium supplemented animals. Calcium allowed beneficial bacteria to 
thrive, but these were not able to colonise another host gastrointestinal tract in 
the absence of the specific substrate. These results suggest that calcium in itself 
provides an adequate dietary environment for these specific bacteria, which 
could not be transferred by means of a bacterial transplant without the presence 
of the calcium-containing diet.

4. Co-supplementation of CLA and calcium confer a beneficial effect on bone 
health by maintaining bone mass. Supplementation of calcium, in particular 
in co-supplementation with CLA, reduced body fat mass and maintained tibia 
weight. Furthermore, expression of genes involved in bone (re) modelling and 
energy metabolism in tibia was stimulated, suggesting a potential cross-talk 
between the skeleton and adipose tissue, supporting the use of these compounds 
in weight loss strategies.
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5. CLA and calcium supplementation induce DNA methylation changes in 
key genes of lipid metabolism which are associated with an improvement 
in overall metabolic health. CLA and calcium supplementation induced 
changes in the methylation status of the promoter of genes associated with 
lipid metabolism in liver and eWAT. The methylation profile was gene- and 
tissue-specific, and to some extent correlated with gene expression and with 
the phenotype. In addition, results show that nutritional inputs in adulthood 
can modify the methylation profile of genes involved in lipid metabolism and 
energy regulation.
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1. El CLA estimula la expresión de leptina y grelina en el estómago y ejerce 
un efecto prebiótico en la microbiota intestinal. El CLA moduló respuestas 
gástricas, promoviendo cambios en la expresión de genes involucrados en 
la regulación energética, incluyendo la inducción de la leptina y la grelina 
gástrica. En referencia a la microbiota intestinal, el efecto prebiótico se observó 
particularmente en Bacteroidetes/Prevotella y en A. muciniphila, lo que podría 
explicar el perfil metabólico más saludable que presentaban estos animales.

2. La suplementación con calcio ejerce un efecto prebiótico en la 
microbiota intestinal, promoviendo un perfil metabólico más 
saludable. La suplementación con calcio estimuló Bifidobacteirum spp. 
y Bacteroidetes/Prevotella y redujo Clostridium spp. Además, disminuyó 
los niveles de endotoxina en plasma y presentó correlaciones significativas 
con parámetros metabólicos asociados a un perfil más saludable.

3. Las bacterias inducidas por una dieta alta en grasas no pueden ser 
sustituidas por las de animales que reciben una suplementación de 
calcio. El calcio promovió el crecimiento de bacterias beneficiosas, pero estas 
no pudieron colonizar el tracto intestinal de otro huésped en la ausencia de 
sustrato específico. Estos resultados sugieren que el calcio en sí promueve 
un ambiente adecuado para estas bacterias en concreto, y que no pudo ser 
transferido con un trasplante fecal sin la presencia de una dieta con calcio.

4. La suplementación conjunta de CLA y calcio confirió efectos beneficiosos 
sobre la salud del hueso, manteniendo la masa ósea. La suplementación 
con calcio, en particular cuando ésta iba acompañada de CLA, redujo la 
masa grasa corporal y mantuvo el peso de la tibia. Además, estos compuestos 
estimularon la expresión de genes involucrados en la remodelación del 
hueso y el metabolismo energético en la tibia, sugiriendo así una potencial 
interacción entre el esqueleto y el tejido adiposo, y apuntando a los 
efectos beneficiosos del CLA y el calcio en estrategias de pérdida de peso.
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5. La suplementación con CLA y calcio induce cambios en la metilación del ADN 
de genes involucrados en el metabolismo lipídico, y esto se asocia a un perfil 
metabólico más saludable. La suplementación con CLA y calcio indujo cambios 
en el estado de metilación del promotor de genes asociados con el metabolismo 
lipídico en hígado y tejido adiposo. El perfil de metilación fue específico para el 
gen y el tejido estudiado, y en parte se correlacionó con la expresión génica y el 
fenotipo. Además, estos resultados demuestran que las intervenciones nutricionales 
en la edad adulta pueden alterar el perfil de metilación de genes específicos, en 
particular esos involucrados en el metabolismo lípido y la regulación energética.
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