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ABSTRACT 

Cardiometabolic disease (CMD) is a clustering of cardiometabolic risk 

factors including obesity, hypertension, fatty liver disease, type 2 

diabetes, and cardiovascular disease. Recent studies show a role for host-

microbiota co-metabolism and Western diets in the onset and 

development of this disease. High-fat and high-sugar dietary habits are 

among the main causes of CMD mortality with fast increment nowadays. 

The study of the metabolic pathways involved and the identification of 

specific biomarkers for early detection of CMD seems essential in patient 

management.  

This thesis aims to improve our understanding of the progression of 

CMD, to discover the firsts alterations in the development of the disease, 

as well as to identify potential sub-clinical CMD biomarkers through the 

analysis of changes in serum, urine, and fecal metabolism. 

Design and methods: Male and female Wistar rats, 16 weeks old, were 

fed with a high-fat and sucrose diet (HFD) for 12 weeks to induce CMD, 

both in conventional and specific-pathogen-free (SPF) housing 

conditions. Moreover, male and female Wistar rats, 3 weeks old, were fed 

with a high-fructose diet (HFR) for 16 weeks to induce CMD. Serum, 

urine, and fecal samples and microbiota diversity were analyzed by 

Nuclear magnetic resonance (1H NMR) and Denaturant gradient gel 

electrophoresis (DGGE) or Sequencing, respectively. The effect of fecal 

microbiota transplantation (FMT) and probiotics were tested on the 

microbiota modulation. 

Results: HFD and HFR induced metabolic and clinical alterations related 

to CMD in young and adult rats. The metabolomic profile of serum, urine, 
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and fecal samples demonstrated differences in the metabolism of HFD 

and HFR groups in different metabolic pathways and cores. These 

differences in the rats metabolome are sex specific with different 

alterations in male and female rats. Moreover, host-microbiota co-

metabolites were also altered after HFD and HFR diets. Microbiome 

sequencing and fecal DNA DGGE revealed changes in the microbiota 

composition that suggest lower microbiota diversity in the HFD and HFR 

groups. Interestingly, HFD induces strong whereas HFR only moderate 

microbiota composition changes. The longitudinal metabolomic profiling 

of HFD rats suggest that microbiota composition changes precede 

alterations in host metabolism in the development of CMD in rats. 

Additionally, our results suggest that diet has stronger effects in 

microbiota composition than restricted exposure to bacterial 

communities. Finally, modulation of microbiota with probiotics, but not 

with fecal microbiota transplantation, ameliorates CMD in a sex specific 

manner. 

Overall our work demonstrates that the association between host-

microbiota co-metabolism and cardiometabolic disease is highly 

dependent on dietary patterns, sex, environmental exposure to bacterial 

communities and age. These dependences and the metabolic effect of 

these multiple factors can be detected by NMR metabolomics. 

Metabolomics profiling may be an effective way for improving 

cardiometabolic disease clinical management and patient risk 

stratification. 

  



 

vii 

RESUMEN 

La enfermedad cardiometabólica incluye un conjunto de factores de 

riesgo cardiometabólicos como son obesidad, hipertensión, enfermedad 

del hígado graso, diabetes tipo 2 y enfermedad cardiovascular. Estudios 

recientes muestran un papel del co-metabolismo de la microbiota huésped 

y las dietas occidentales en la aparición y desarrollo de esta enfermedad. 

Los hábitos alimentarios con dietas ricas en grasas y azúcares se 

encuentran entre las principales causas de mortalidad por problemas 

cardiometabólicos, experimentando un veloz incremento en la actualidad. 

El estudio de las vías metabólicas implicadas y la identificación de 

biomarcadores específicos para la detección precoz de la enfermedad 

cardiometabólica parece fundamental en el manejo de pacientes. 

Esta tesis tiene como objetivo mejorar nuestra comprensión de la 

progresión de la enfermedad cardiometabólica, descubrir las primeras 

alteraciones en el desarrollo de la enfermedad, así como identificar 

posibles biomarcadores subclínicos asociados, a través del análisis de 

cambios en el metabolismo sérico, urinario y fecal. 

Diseño y métodos: Se alimentaron ratas Wistar macho y hembra, de 16 

semanas de edad, con una dieta alta en grasas y sucrosa durante 12 

semanas para inducir alteraciones cardiometabólicas, tanto en 

condiciones de estabulación convencionales como libres de patógenos 

específicos. Además, ratas Wistar macho y hembra, de 3 semanas de 

edad, fueron alimentadas con una dieta alta en fructosa durante 16 

semanas para inducir también alteraciones cardiometabólicas. Las 

muestras de suero, orina y heces y la diversidad de la microbiota se 

analizaron mediante resonancia magnética nuclear (1H NMR) y 

electroforesis en gel en gradiente desnaturalizante o secuenciación, 
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respectivamente. Además, se analizó el efecto del trasplante de 

microbiota fecal y de los probióticos en la modulación de la microbiota. 

Resultados: Las dietas altas en grasa y azúcares (sucrosa y fructosa) 

indujeron alteraciones metabólicas y clínicas relacionadas con la 

enfermedad cardiometabólica en ratas jóvenes y adultas. El perfil 

metabolómico de las muestras de suero, orina y heces demostró 

diferencias en el metabolismo de los grupos con dietas altas en grasas y 

azúcares en diferentes vías metabólicas. Estas diferencias en el 

metaboloma de las ratas mostraron diferentes alteraciones en ratas macho 

y hembra. Además, los co-metabolitos de la microbiota del huésped 

también se vieron alterados por estas dietas. La secuenciación del 

microbioma y la DGGE de ADN fecal revelaron cambios en la 

composición de la microbiota que sugieren una menor diversidad de la 

microbiota en los grupos con dietas altas en grasas y azúcares. 

Curiosamente, la dieta alta en grasa induce fuertes cambios en la 

composición de la microbiota mientras que la dieta alta en fructosa parece 

que solo los modera. El perfil metabolómico longitudinal de ratas con 

dieta rica en grasas sugiere que los cambios en la composición de la 

microbiota preceden a las alteraciones en el metabolismo del hospedador 

en el desarrollo de la enferemedad en ratas. Además, nuestros resultados 

sugieren que la dieta tiene efectos más fuertes en la composición de la 

microbiota que una exposición restringida a ciertas comunidades 

bacterianas. Finalmente, la modulación de la microbiota con probióticos, 

pero no con el trasplante de microbiota fecal, mejora el desarrollo de la 

enfermedad cardiometabólica, aunque de manera diferente en machos y 

hembras. 
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En conclusión, nuestro trabajo demuestra que la asociación entre el co-

metabolismo de la microbiota del huésped y la enfermedad 

cardiometabólica dependen en gran medida de los patrones dietéticos, el 

sexo, la exposición ambiental a las comunidades bacterianas y la edad. 

Estas dependencias y el efecto metabólico de estos múltiples factores 

pueden detectarse mediante metabolómica por RMN. El perfil 

metabolómico puede ser una forma eficaz de mejorar el tratamiento 

clínico de la enfermedad cardiometabólica y la estratificación del riesgo 

del paciente. 
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 Introduction 

1. INTRODUCTION 

1.1. General aspects of Cardiometabolic disease.  

Cardiometabolic disease is a combination of metabolic disorders, such as 

hypertension, diabetes mellitus, and cardiovascular disease factors, which 

can co-exist simultaneously in the individual (1). Therefore, the 

cardiometabolic risk factors include obesity with elevated body mass 

index (BMI) or large abdominal perimeter, hypertension with high levels 

of blood pressure, insulin resistance, dyslipidemia with high levels of 

triglycerides or low levels of high-density lipoprotein-cholesterol (HDL) 

in serum, altered glucose metabolism with hyperinsulinemia, impaired 

fasting glucose, impaired glucose tolerance or type 2 diabetes or 

atherosclerosis (2, 3). Nonalcoholic fatty liver disease (NAFLD) is 

another disease related to cardiometabolic risk, which can occur in people 

with cardiometabolic disorders (4).  

The presence of some of these cardiometabolic factors increase the risk 

of developing the rest of metabolic disorder associated (5) and the 

simultaneous presence of various factors is associated with an increased 

risk for cardiovascular morbidity and mortality (6). Consequently, 

cardiometabolic disease is considered a comorbidities related-disease. 

The prevalence of cardiometabolic disorders represents a rapidly growing 

worldwide, causing a threat to the health of populations in an increasing 

number of countries (3). Moreover, cardiometabolic disorders have 

increased in mortality in the last years and remain the leading causes of 

death in the world (7, 8). Figure 1 and Figure 2 show the number of deaths 

by cause, and the number of deaths by risk factor respectively, in the 

world in 2017. These figures show that cardiovascular disease and some 
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risk factors like high blood pressure, sugar, or obesity, as the principal 

causes of deaths around the world. 

 

Figure 1. Number of deaths by cause in the world in 2017 (IHME). 

 

 

Figure 2. Number of deaths by risk factor in the world in 2017 (IHME). 
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The fact that consider the cardiometabolic disease as a set of 

comorbidities with high prevalence and mortality in the world, evidence 

the necessity to investigate the development of the disease with new 

approaches. Moreover, the last situation about coronavirus pandemic in 

the world has put the spotlight on cardiometabolic disease, because 

patients with these diseases are more vulnerable to coronavirus. This fact 

highlights the particularity of cardiometabolic disease influencing the 

patient to other diseases. Cardiometabolic disorders have been defined 

among the most influential factors in Coronavirus patients, with 

hypertension and type 2 diabetes as more frequents comorbidities in 

patients with intensive care needed or finally die (9, 10). Figure 3 shows 

the case fatality rates by health condition in the early-stages of 

coronavirus in China (11). 

 

 

Figure 3. Coronavirus case fatality rates by health condition in China, adapted 

by IHME from Chinese Center for Disease Control and Prevention 

Epidemiology. 
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1.2. Cardiometabolic disease in adult people, associated with a 

hypercaloric diet. 

Nowadays, changes in lifestyle, society, and culture have promoted the 

increase of dietary patterns in adult populations with different habits 

concerning our predecessors. The processed food and diets with high 

content in fat or carbohydrates are the principal components of the 

Western diet, widely spread around the world (12, 13). 

Unhealthy dietary habits can influence many cardiometabolic risk factors, 

including heart disease, stroke, type 2 diabetes, or obesity (12, 14). 

According to Micha et al (15), an elevated number of deaths related to 

cardiometabolic disease is produced by a dietary pattern with high 

content in processed meats and sodium, or low omega-3 fats, among 

others. In addition, it has been reported an association between sedentary 

people and the presence of some cardiometabolic risk factors, such as 

higher abdominal perimeter, blood pressure, glucose, insulin, or 

dyslipidemic factors (16). Therefore, the energy balance with excess 

caloric consumption and low physical activity plays an important role in 

the development of cardiometabolic disorders (12). 

1.3. Cardiometabolic disease in young people, associated with 

hyperglycemic diet. 

Not only the problem with unhealthy dietary habits is presented in adults, 

but it is also presented in young people, but with some variations. 

Cardiometabolic disease in the young population reveals the presence of 

dietary patterns associated with high consumption of carbohydrates 

related to the fructose intake. This sugar is mainly related to children and 

the young population, because it is derived from higher consumption of 
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sugar-sweetened beverages (soft drinks or processed juices), as well as 

chocolates, cookies, cakes, candies, or desserts (17). 

The fructose intake is associated with insulin resistance, 

hypertriglyceridemia, and lipid accumulation in the liver, which can 

cause the development of type 2 diabetes and related cardiometabolic 

diseases, as well as fatty liver disease (18, 19). These products enriched 

with fructose provide between 4% and 9% of daily calorie intake, and 

sugar-sweetened beverages contribute approximately 50% of added 

sugars in the diet (20). The fructose metabolism occurs in the liver and it 

can cause direct effects in hepatic lipid and insulin sensitivity (18), 

because the excessive fructose intake can alter lipid metabolism 

producing steatosis and high levels of circulating triglycerides (20). 

1.4. The role of the gut microbiota in cardiometabolic disease. 

The gut microbiota is composed of all the microorganism which form the 

bacterial ecosystem in the intestinal tract. Not only the diet but also the 

intrinsic gut microbiome and the metabolism-related may be critical in 

the development of cardiometabolic diseases. 

The gut microbiota can include different communities of bacteria, fungi, 

archaea, and viruses, called microbiota, and their genome is known as the 

microbiome. This microbiome is composed of a large amount of 

microorganisms, with a specific classification in taxonomic levels, where 

the main bacteria phyla include Bacteroidetes, Firmicutes, 

Actinobacteria, Proteobacteria, and Verrucomicrobia (21). 

The factors that contribute to the composition of the bacterial 

communities by the gut microbiota colonization comprise age, genetics, 

and birth, feeding in infants, geographical location, medications, and diet. 



 
 

 

8 

 Introduction 

These factors contribute to the growth and diversity of the gut 

microbiome (22). 

The bacterial ecosystem in the human tract provides unique metabolic 

functions to the host and are important in health and disease. It has been 

reported that the gut microbiota has been involved in the host diseases 

comprising type 2 diabetes, cardiovascular disease, inflammatory bowel 

disease, or colorectal cancer (23). 

In addition, the gut microbiome is strongly influenced by the composition 

of the host’s diet. Moreover, the gut microbiota is useful as a filter of 

human environmental exposure, mainly by the food intake, working as an 

endocrine organ that is responsive to dietary intake (21). 

The importance of the diet in the composition of the gut microbiota has 

been confirmed by the comparison of two different diets (Figure 4) (24). 

A poor-quality diet with a lot of saturated fats and sugars can produce 

reduced microbial diversity, low short-chain fatty acids (SCFA) levels, 

intestinal permeability, or inflammation. In contrast, a healthy diet 

balanced with fruits and vegetables involves a high microbial diversity 

with high SCFA levels, a healthy gut barrier, and immune homeostasis. 
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Figure 4. Comparison of consequences of a poor-quality diet versus a healthy 

diet on the gut from Mills. et al, 2018. 

1.4.1. Intestinal dysbiosis. 

Dysbiosis comprises the negative imbalances in gut microbiota 

communities and its functions required for health, leading to increased 

susceptibility to metabolic diseases (24, 25). This dysbiosis can play an 

important role in the pathophysiology of a variety of metabolic diseases 

by disturbing various homeostatic functions of the human body (26). 

The distribution of different species in the community is measured by the 

microbial diversity. During dysbiosis, the diversity level is reduced, 

which is described in people affected by Type 2 diabetes (22). This 

change in microbiota communities can cause an increase in the 

Firmicutes and/or a decrease in Bacteroidetes, which promotes an 

increased Firmicutes/Bacteroidetes ratio, associated with obesity, 

diabetes, and cardiovascular disease (27). 
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To correct the dysbiosis in the gut microbial compositions involved in the 

development of cardiometabolic diseases, it has been proposed several 

treatments, such as the use of probiotics or fecal microbiota 

transplantation. Probiotics are defined as living microorganisms that can 

confer a health benefit on the host when are administered in adequate 

amounts (26). Furthermore, it has been reported that FMT may produce 

a favorable impact on some metabolic features in humans. This impact 

can promote microbial alterations accompanied by an increase in 

bacterial diversity with a beneficial metabolic effect on hosts (28). 

1.4.2. Principal microbiota analysis techniques. DGGE and 

Sequencing. 

Before the sequencing era, the strategies used only permitted a small 

proportion of intestinal microbial sampling by culture-based methods. 

Sequencing allows identifying uncultivable bacteria, focusing on 

taxonomic assignments via DNA sequences (21). This methodology has 

the advantage of obtaining a large amount of information fastly of the 

specific microorganism species present in the organism or sample 

analyzed. 

The analysis of the results from sequencing is performed by 

metagenomics. This tool allows to estimate the organism identity and the 

relative abundance of microbial communities, through the study of the 

microbial ecosystem sequences (21). 

The DGGE is a technique of molecular fingerprinting that has been used 

to examine microbial diversity in communities for many years. This tool 

constitutes a robust procedure by which a single point mutation can be 

detected (29). The DGGE band pattern reflects the DNA sequence-based 

phylogenetic bacterial positions of each sample, allowing a simple visual 
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evaluation of the communities present. One of its advantages is the 

relatively low cost, and the visual data output, which allow the 

comparison of multiple samples in a general visualization (30). 

1.5. Limitations of clinical diagnosis in the early stages of the disease. 

The limits of clinical diagnosis in the early stages of the cardiometabolic 

disease are based on the difficulty of the management by the physicians, 

as well as the limited prediction because these diseases can be present 

long before they become clinically evident (31, 32).  

The traditional risk predictors can help in the detection of the disease, but 

the prediction is not always clear, revealing our incomplete understanding 

of underlying mechanisms. Some individuals develop the early stages of 

the disease without the confirmation of the traditional risk factors of the 

clinic. Therefore, it is needed to identify new biomarkers to improve risk 

prediction and preventive therapy, allowing us to identify individuals 

with subclinical cardiometabolic disease (33). 

Precise predictors of the disease are of particular importance for delaying 

or preventing morbidity through behavioral and/or pharmacological 

intervention (31). 

Multi-omics analyses, such as genomics, transcriptomics, epigenomics, 

proteomics, and metabolomics, have been proposed as the key to 

approaching precision medicine in the clinic (34). 

These techniques have the potential to improve prediction models for 

cardiometabolic disease providing additional clinical information and 

offering new insights about molecular changes and pathways associated 

with the development of the disease (33). 
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One of the omics in a growing application is metabolomics, so, the global 

analysis of the human metabolome is being open an avenue for 

identification of new cardiometabolic risk markers (31). 

1.6. The role of body metabolism in cardiometabolic disease. 

Metabolism plays a crucial role in the organism because the metabolism 

involves a big biological network in the body, whose fluctuations are 

related to alterations in the organism. The metabolism is able to elucidate 

phenotypic changes caused by physiological factors, exploring the 

genotype-phenotype relationship (35). Therefore, understanding the 

changes and adaptations of the body's metabolism is turned into an 

essential way to explore the development of several diseases, such as 

cardiometabolic disease. 

The ability of an organism to adapt its metabolism according to 

alterations in metabolic demand is called metabolic flexibility (36). 

Metabolic flexibility or plasticity is related to maintain energy 

homeostasis (37), which is linked with phenotype, so the metabolism is 

an indicator of the functional state of the cell (35). For instance, the 

circulating insulin perturbations are crucial in the compromised 

metabolic flexibility, altering multiple metabolic pathways, in metabolic 

disorders such as metabolic syndrome. Therefore, metabolic inflexibility 

is the key to insulin resistance (37, 38).  

1.6.1. Principal metabolic pathways influenced by CMD. 

Investigations of the possible pathways involved in the development of 

cardiometabolic disease include associations with branched-chain amino 

acids, tryptophan breakdown products, lipid, and microbial metabolism 
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among others. Moreover, insulin resistance is strongly associated with 

some metabolites including glutamine and glutamate (39). 

The alterations with the metabolic pathways related to banched-chain 

amino acid (BCAA) are associated with obesity, insulin resistance, type 

2 diabetes (T2D), fatty liver disease, and other metabolic diseases, mainly 

with high levels of leucine, isoleucine, and valine (40-42). Moreover, the 

high levels of aromatic amino acids, such as tyrosine, phenylalanine, and 

tryptophan, and others like glutamate/glutamine ratio are associated with 

T2D (39, 43). 

On the other hand, alterations in the pathways related to lipid metabolism 

include fatty acid (FA) metabolism, disruptions in choline, betaine, 

carnitine, and trimethylamine N-oxide which are linked with gut 

microbiota and cardiovascular diseases (44-47). Furthermore, short‐chain 

fatty acids produced by gut microbiota have a role in the immune system, 

related to metabolic disorders (48). 

1.6.2. The host-microbiota co-metabolism. 

Growing scientific evidence indicate that the manipulation of the 

composition of the gut microbiota affects the host metabolism. It is 

suggested that microbiota produce several biologically active 

metabolites, which can be absorbed into the systemic circulation whereas 

others are metabolized by the host enzymes, serving as a mediator of 

microbial influence on the host (49). 

The host-microbiome participates in carbohydrate metabolism and 

glucose homeostasis, using the degradation of carbohydrates and 

production of secondary bile acids and SCFAs that stimulate the secretion 
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of glucoregulatory hormones (50). The SCFA include acetate, propionate, 

butyrate, isobutyrate, isovalerate, and isocaproate (51). The main SCFA 

involved in the gut metabolism related to the metabolic disorders are 

butyrate (mainly produced by Firmicutes), acetate from the pathway of 

pyruvate via acetyl-CoA and, propionate from the succinate pathway, 

both mainly produced by Bacteroidetes (52, 53). These SCFAs are 

important for the gut health, but it also has been reported that these 

metabolites can enter in the systemic circulation and alter the metabolism 

of peripheral tissues. Therefore, SCFAs are involved in the crosstalk 

between the gut and the peripheral tissues (Figure 5) (54). This crosstalk 

plays a role in the pathophysiology of obesity and related disorders 

participating in the regulation of the energy balance (55), as well as 

causing the interorgan effects, mainly on adipose tissue and lipid storage, 

inflammatory profile, and liver and skeletal muscle metabolism (54). 

 

Figure 5. SCFA and interorgan crosstalk from Canfora et al., 2015 
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1.6.3. NMR as a good approach to the metabolome analysis. 

As it has been previously stated in the limits of the clinic, the study of the 

metabolome by metabolomics can provide new insights into mechanisms 

of the cardiometabolic disease development and offers the possibility of 

the development of new biomarkers for the early-stage detection of the 

disease. 

Metabolomics is defined as the comprehensive quantitative and 

qualitative analysis of all the metabolites in biofluids, cells, and tissues, 

or whole organisms (56).  

Metabolites are small molecules, with a size of less than 1 kD, which are 

considered chemical intermediates. These molecules are viewed as the 

products of cellular processes, mediated by proteins, which are closer to 

the clinical phenotypes observed (33, 34) than other –omics. 

The metabolomics for high-resolution study of NMR biofluids (such as 

serum, urine, or fecal extracts) represents a powerful approach to assess 

the biochemical activity of a living system through the analysis of 

substrates and products made during metabolism (57) and helps in the 

detection of early pathological changes.  

The advances in the last years have led to the application of metabolomics 

as a tool for defining predictive biomarkers in cardiometabolic diseases 

(56). Its utility has been proven for the diagnosis and treatment of chronic 

diseases such as diabetes (58, 59), obesity (59), and cardiovascular 

disease (59-61). 

The study of metabolomics can be analysed by NMR or mass 

spectrometry. Some of the advantages of NMR include being a robust 

methodology, cheap, with minimal sample handling and no sample 

destruction, no chromatography or analyte ionization, and unambiguous 
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identification of abundant analytes (31). Moreover, NMR provides all the 

compounds of the complete metabolome of a sample. 
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2. HYPOTHESIS AND AIMS OF THE STUDY 

2.1. Hypothesis 

Host-gut microbiota co-metabolism seems to be involved in the 

progression of cardiometabolic disease. The study of the sequence of 

events in these alterations can be used for the benefit of the patient, both 

for the early detection and the characterization of the disease and the 

design of new therapies. 

1) The evaluation of the host-microbiota co-metabolism in a sub-clinical 

rat model of a high-fat or high-fructose diet and human cohorts can help 

in the identification of biomarkers of early alterations in the progression 

of cardiometabolic disease. 

2) Host-gut microbiota co-metabolism can be studied by comparing 

metabolic profiles of SPF housed rats versus conventional housing. 

3) The modulation of the microbiota can prevent and reduce the impact 

of the cardiometabolic disease on the host. 

4) The chemometric analysis of the metabolic profiles combined with 

clinical parameters and taxonomy of microbiota can help in the detection 

of new subgroups of patients sensitive to modulation of the microbiota. 

To develop these hypotheses, a longitudinal study in a rat animal model 

has been developed to identify the sequences of events of the 

cardiometabolic disease. 
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2.2. Aims of the study 

The general objective of the study is to achieve new biomarkers and 

preventive approaches in sub-clinical cardiometabolic disease, based on 

the characterization and modulation of the host-microbiota co-

metabolism, with a translational repercussion.  

The specific objectives are: 

A-Objectives of experimentation in animal models: 

1) To study the chronology of the alterations of the host-microbiota 

co-metabolism in rats fed with a high-fat or high-fructose diet to 

identify potential early biomarkers of the cardiometabolic 

disease. 

2) To analyze the differences between conventional housing and 

SPF in the rat model to detect possible microbiota-specific 

metabolites by 1H NMR metabolomics.  

3) To analyze the differences between a high-fat or fructose diet and 

fecal transplantation as mechanisms to develop the 

cardiometabolic disease in rats. 

4) To analyze the preventive effect of a supplement with 

Bifidobacterium animalis subsp lactis (BB-12) in rats fed with a 

high-fat diet.  

B-Objectives of the analysis of human samples: 

To validate the biomarkers for early detection of cardiometabolic disease 

obtained in the rat model by 1H NMR metabolomics in serum samples of 

a human general population.  
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3. EXPERIMENTAL DESIGN 

3.1. Experimental design of the animal model. 

The experimental design was performed as shown in Figure 6-8. A total 

of 102 Wistar rats were enrolled in this thesis to accomplish an 

intervention to develop an early cardiometabolic disease, by two principal 

diet conditions: a high fructose diet (HFR) with young rats (3 weeks old) 

(Figure 6),  or a high-fat diet with adult rats (16 weeks old) (Figure 7). 

All rats were raised in specific pathogen-free area before purchasing them 

from Janvier (Le Genest-St-Isle, France). After their arrival, They were 

acclimated for one week to the housing conditions (see section 3.2.1.). 

According to the different experimental subgroups, rats were randomly 

divided into fifteen groups (4 animals per cage). These rats were fed and 

raised for several months in different conditions depending on the 

experimental group classification.  Periodically several measures were 

collected for different analysis that will be detailed in the next points. The 

Animal model and the measures are shown in Figure 6-8. The information 

about different groups and conditions is outlined below (see section 3.3. 

and 3.4.). These studies were performed according to the regulations 

specified by the Ethics Committee of Animal Experimentation (CEBA) 

of the University of Valencia (uveg-2013-001 and A1405675789374). 
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Figure 6. Experimental animal model of High-Fructose diet on young 

rats 

T0: initial time; T1: first time; T2: second time; TF: final time;          

IR: insulin-resistant rats’ group 
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Figure 7. Experimental animal model of High-Fat and sucrose diet on 

adult rats 

T0: initial time; T1: first time; T2: second time; T3: third time; TF: final time 
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Figure 8. Experimental animal model of fecal microbiota 

transplantation on adult rats 

 
T0: initial time; T1: first time; T2: second time; T3: third time; TF: final time 

FMT: fecal microbiota transplantation from control rats 

FMT: fecal microbiota transplantation from High-fat diet rats  
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We have based our experiments on a rat model instead of mice due to its 

size. As we needed to perform a longitudinal study, we had to collect 

periodic blood samples, which it was not viable in smaller animals than 

the rat because of the risk of hypovolemia.   

Dietary intervention (with a high percentage of fructose, sucrose, or fat) 

is a well-established model on rats, as can be observed by the exponential 

increase of the papers related to. The use of these models can be found 

since behavior or mental research with a high-fat rat model (62), 

pancreatic diseases (63), studies of genetic disposition for the length of 

telomeres (64), or research about colon cancer related to gut microbiota 

(65). Rats’ diet intervention is also a well-established model for 

cardiometabolic diseases development, such as hypertension, insulin 

resistance, obesity, type 2 diabetes, or fatty liver disease. A lot of studies 

have demonstrated that metabolic syndrome can be induced in 

experimental conditions by feeding rats with a high-fructose diet (60%) 

or by adding fructose to drinking water (10–20%) (66-69). This model is 

called the fructose-fed hypertensive rat (FHR) (70) as it induces 

hypertension, insulin resistance, hyperinsulinemia, and 

hypertriglyceridemia. There are rat models with a dietary intervention 

described with sucrose instead of fructose (71, 72). Furthermore, 

Galipeau et al (73), showed that the effects of a fructose diet produced on 

metabolism and blood pressure, are dependent on sex, showing the 

importance of performing a study on both sexes. Also, Horton et al (74) 

and Thresher et al (75) exposed the different development of the effects 

of fructose or sucrose dietary in both sexes. In addition, in the last years, 

a rat model based on a high-fat diet has been used in a huge amount of 

papers (76-78).  
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For these reasons, our experimental design procedures were based on 

previous animal models to induce cardiometabolic disease by diet 

modulation with fructose on young rats (66, 70, 73), and western diet on 

adult rats (79, 80).  

3.2. Equipment conditions to perform the animal model. 

3.2.1. Animal-housing  

Rats were housed in a ventilated rack with ad libitum access to water and 

food, with 12 hours light-dark cycle at constant room temperature (23ºC) 

and humidity (70%) in the animal-housing of the Faculty of Medicine of 

the University of Valencia. This installation counts with conventional and 

SPF areas, with the appropriate conditions and all equipment to develop 

our animal model. 

3.2.2. Diets 

All the dry diets used in this study were commercially available by 

Harlan. The standard chow diet Teklad Global 2014 and high-fat and 

sucrose diet TD.08811 will be detailed later (see section 3.3.2. and 3.4.2.). 

The oral probiotics supplement was commercially available in 

pharmacies (Natalben BB). 

Fructose in the drinking water was daily prepared by the addition of 60 

grams of fructose per 100 ml of the final volume of autoclaved tap water, 

for all the period of the experiment. 
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3.2.3. Streptozotocin administration 

The insulin resistance (IR) rat group had an injection of streptozotocin at 

birth in Janvier commercial laboratory to induce diabetes by destroying 

beta-pancreatic islets (www.janvier-labs.com). 

3.2.4. Fecal microbiota transplantation  

The FMT rat group was performed following the bibliography (81, 82), 

with some variations (Figure 9). Briefly, fresh fecal samples were 

collected randomly from the donor group, and they were diluted with 

saline, following a proportion of 0,15g of fecal sample per 2,5ml of saline. 

After, sample content was filtered by a metal sieve with two different size 

pores, to remove the big pieces of content and the material collected was 

spined by centrifugation to 6000g for 15 minutes. Later, the supernatant 

was discarded and the pellet was resuspended in the midway of the 

original volume with saline, finishing with an addition of 10% of glycerol 

to the final volume of samples. All samples were frozen to -80ºC until 

they were used. 

To perform a fecal transplant procedure, samples were gradually thawing 

(samples were moved to -20ºC, later, samples were moved to room 

temperature). When samples were thawed, they were spined by 

centrifugation to 6000g for 5 minutes, and the supernatant was discarded 

to remove saline with glycerol. The pellet was resuspended with the 

original saline volume (this step was done just before starting the 

transplantation procedure in the rat). Finally, a final volume of sample 

625 µl per 500 g of body weight was inoculated, following 

bibliographical indications (83, 84). 
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For the fecal transplantation procedure, inhaled isoflurane was used for 

anesthesia and rectal administration of 1500 µl of Hodernal (500mg/ml, 

oral solution) to wash the large intestine. After fecal expulsion, 500 µl of 

the donor sample with the microbiota transplant was placed directly into 

the oral cavity of the receptor rat with an adapted canula.   

 
 

 

Figure 9.  Fecal microbiota transplantation workflow 
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3.3. Experimental model of pre-clinical cardiometabolic disease 

induction on young rats. 

3.3.1. Animal groups 

A total of 30 young (Y) Wistar rats, 12 female (F) and 18 male (M), with 

conventional housing conditions, were randomly divided into different 

groups according to the sex (male, female) and cardiometabolic disease 

induction conditions (diet, streptozotocin (STZ)): 

 Female fed with standard chow diet and drinking water:                  

F-CTL.Y (n=6). 

 Female fed with standard chow diet and fructose on drinking 

water: F-HFR.Y (n=6). 

 Male fed with standard chow diet and drinking water: M-CTL.Y 

(n=6). 

 Male fed with standard chow diet and fructose on drinking water:        

M-HFR.Y (n=6). 

 Male fed with standard chow diet and drinking water, with 

streptozotocin injection: M-STZ.Y (n=6). 

3.3.2. Experimental conditions 

Young rats (3 weeks old) were fed for 16 weeks until the end of the 

experiment. Control groups (CTL) received a standard chow diet Teklad 

Global 2014 (14% protein rodent maintenance diet) from Harlan (Figure 

10) and drinking water. High-Fructose groups (HFR), were fed with a 

chow diet and 60% fructose on drinking water which was freshly 

prepared each two days. Streptozotocin group (STZ) was injected with a 
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dose of streptozotocin at birth by the commercial laboratory and fed with 

a chow diet and water. 

 

Figure 10. Composition of standard diet. Tecklad 2014 (Harlan) 
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3.4. Experimental model of pre-clinical cardiometabolic disease 

induction on adult rats. 

3.4.1. Animal groups 

A total of 72 adults Wistar rats (24 female and 48 male) were randomly 

divided into different groups according to the sex (male, female), 

cardiometabolic disease induction conditions (diet, transplantation), and 

housing environments (conventional (C), SPF (S)):  

 Male fed with standard chow diet on conventional housing:         

M-CTL.C (n=8). 

 Male fed with high fat and sucrose diet on conventional housing:             

M-HFD.C (n=8). 

 Female fed with standard chow diet on conventional housing:      

F-CTL.C (n=8). 

 Female fed with high fat and sucrose diet on conventional 

housing: F-HFD.C (n=8). 

 Male fed with high fat and sucrose diet and probiotics 

supplement on conventional housing: M-HFD.PB (n=8). 

 Female fed with high fat and sucrose diet and probiotics 

supplement on conventional housing: F-HFD.PB (n=8). 

 Male fed with standard chow diet and fecal microbiota transplant 

from M-HFD.C donor group on conventional housing:                  

M-FMT.HF (n=5). 

 Male fed with standard chow diet and fecal microbiota transplant 

from M-CTL.C donor group on conventional housing:                 

M-FMT.CT (n=3). 
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 Male fed with standard chow diet on SPF housing: M-CTL.S 

(n=8). 

 Male fed with high fat and sucrose diet on SPF housing:                

M-HFD.S (n=8). 

3.4.2. Experimental conditions 

Adult rats (16 weeks old) were fed for 12 weeks until the end of the 

experiment, except for transplantation groups, whose total experiment 

duration was 9 weeks. CTL groups received a standard chow diet Teklad 

Global 2014 (Figure 10). High-Fat’s groups (HFD), were fed with a high-

fat and sucrose diet TD.08811 45% kcal Fat Diet (21% MF, 2% SBO) 

from Harlan (Figure 12). The probiotics groups (PB) were fed like the 

HFD group plus an oral supplement of probiotics (Bifidobacterium 

animalis subsp. lactis) every day (Figure 11 and Figure 13). Finally, the 

fecal transplantation groups (FMT) were fed with a standard chow diet 

and received a fecal microbiota transplant every 10 days for 9 weeks. 

 

Figure 11. Administration of an oral probiotic supplement 
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Figure 12. Composition of high-fat diet. TD08811 from Harlan 
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Figure 13. Composition of the probiotic supplement 
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4. MATERIALS AND METHODS 

The general methodology of this thesis comprises a set of techniques that 

allow us to deal with the study of cardiometabolic disease from different 

areas. All this study turns into a multidisciplinary work that can provide 

great scientific richness for the prevention of these diseases. The 

workflow developed in the study is briefly represented in Figure 14.  

 

 

Figure 14. General methodology of the analysis developed on this thesis 
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4.1. Clinical parameters. Physiology, histology, and biochemistry. 

4.1.1. Physiological measurements 

Body weight, length measurements, food, and drink intake were 

measured every week. Blood pressure and oral glucose tolerance test 

(OGTT) and insulin tolerance test (IGTT) were measured at several 

temporal points, as it was shown in Figure 6-8. At the end of the 

experiment, all rats were euthanized by isoflurane overdose.  

Body measurements and food intake. 

The measures of weight were taken individually by a rat or food container 

of each cage employing an electronic balance (Figure 15). Moreover, 

body length and abdominal perimeter were measured by a manual meter. 

These measures were used to calculate BMI. 

                   

Figure 15. Body weight and food intake measurements 
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 Blood pressure  

The tail-cuff system of the Panlab Harvard Apparatus (LE 5002) and the 

CODA system allowed us to measure both, systolic and diastolic 

pressure. Several values of stable measurements were obtained and 

monitored on a computer every time. This method uses a noninvasive 

acquisition system, with a blood pressure sensor placed over the rat’s tail  

which detects blood volume variations. For the procedure (Figure 16), 

rats were immobilized inside of cylindrical tubes, and they were kept 

calm in a dark room, with their tails on a thermal plate covered by a 

blanket. The rats were put on a ceramic hot plate to keep up their body 

and tail warmed. The session of blood pressure measurements involved 

15 cycles of occlusion cuff for each rat, where the initial 5 cycles were 

considered to acclimation measures. All measures were performed 

always at the same time in the morning with the same conditions. Rats 

were trained every day of the week except weekends. All the values (in 

mmHg) collected were analyzed with Excel to set up comparisons 

between groups.  

 

Figure 16. Recording system of the tail-cuff blood pressure measurement 
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Oral glucose and Insulin tolerance test  

Different tests of glucose measurements were performed several times, 

as it is shown in Figure 6-8. Animals were fasting for six hours at OGTT 

and four hours at IGTT. The glucose or insulin dose was injected into the 

animals, calculated by kg of body weight. For the OGTT, the 

intraperitoneal dose was 2g of glucose (glucocemin® 33%) per Kg of 

body weight. For the IGTT, the intraperitoneal dose of insulin was 5 U 

(stock of 100U/ml) per Kg of body weight. One drop of blood, collected 

from the saphenous vein, was used to measure the glucose concentration 

using a Breeze 2 apparatus (Bayer) at 15, 30, 45, 60, and 120 minutes. 

The curve of the glucose concentration at each time was performed with 

Excel (Figure 17). 

 

Figure 17. Glucose and insulin tests procedures 

4.1.2. Sample collection 

Serum, urine, and fecal samples were collected from rats at several 

temporal points during the experimental procedure, as it is shown in 

Figure 6-8. Blood was collected from the saphenous vein and 

immediately centrifuged at 2500g at room temperature for 15 minutes, to 

separate and collect serum. Urine and fecal samples were collected 

directly at the time that the animal ejected them, on a sterilized 
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Eppendorf. Some fecal samples were collected with RNA later for better 

conservation of the microbiota for further analysis. All samples were 

stored at -80°C until analysis. 

4.1.3. Organ collection 

At the end of the experimental procedure, all rats were euthanized by 

isoflurane overdose, monitored by the veterinary staff. Several tissue 

samples were removed, snap-frozen using liquid nitrogen, and stored 

immediately at -80 °C. Some samples for histological processing were 

fixed in 4% formalin or frozen in TissueTeq (OCT). The list of tissue 

samples collected and stored was: adipose tissue, liver, kidney, pancreas, 

heart, thoracic artery, brain, gut, and gastrocnemius muscle. In this thesis 

only part of the liver and gut were analyzed, the rest of the tissues were 

used for other purposes. 

4.1.4. Biochemical analysis 

Samples of serum at endpoint experiments were used to quantify 

cholesterol (HDL and LDL/VLDL), triglycerides, insulin, and 

transaminases (GOT and GPT) by colorimetric assay, through the 

instructions of manufactured kits detailed below. 

Cholesterol levels 

For the determination of HDL and LDL/VLDL cholesterol, a direct assay 

based on the kit called Mak045-1kt HDL and LDL/VLDL quantification 

by Sigma-Aldrich was used.  The procedure involved the preparation of 

the standard curve to analyze our results, with a serial dilution of six 

points. Then, the sample preparation with a precipitation buffer that 

allowed the separation of the HDL and LDL/VLDL forms. Later, the mix 
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preparation was performed and every reagent was pipetted in 96 well 

plate. Each sample was run in duplicate for each measure of HDL and 

LDL/VLDL, as manufactured instructions. After incubation, the 

absorbance was measured at 570 nm in a spectrophotometric multiwell 

plate reader. For calculations, the amount of cholesterol levels, HDL or 

LDLD/VLDL, present in the samples was determined from the standard 

curve with the equation of the curve on Excel, after the background 

subtraction. The formula for the final concentration in each sample was 

the following: 

   (Sa/Sv) x Df* = C 

Sa = Amount of cholesterol in an unknown sample (µg) from the 

standard curve.        

Sv = Sample volume (µL) added into the wells.   

C = Concentration of cholesterol in sample.   

Df = The dilution factor.     

Triglycerides levels 

For determining the triglycerides levels, a direct enzymatic assay 

(ab65336 Triglyceride Assay Kit – Quantification) by Abcam was used.  

In this assay, triglycerides are converted to free fatty acids and glycerol 

through  a lipase. Then, the glycerol is oxidized to generate a product 

through a reaction to generate colour. A standard curve with a serial 

dilution of six points from a 0.2 mM Triglyceride Standard was 

performed. The samples were set up in a plate in duplicate and the 

reaction was performed by pipetting the reagents, previously 

reconstituted and mixed. Later, the plate was read at 570 nm of 
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absorbance on a microplate reader for colorimetric assays. For data 

analysis, the average of duplicates was calculated and the background 

was subtracted from all readings. The amount of triglycerides in the 

sample was calculated in nmol/µL (mM) with the formula: 

Triglyceride concentration= (B/V)*D 

B = amount of triglyceride in the sample well calculated from the 

standard curve in nmol.   

V = sample volume added in the sample wells (µL).  

D = sample dilution factor if  sample was diluted. 

Insulin levels 

Insulin levels were determined by the assay procedure of insulin rat - cat. 

# ezrmi-13k, provided from Merck. It is a Sandwich ELISA test 

established by the capture of insulin molecules from the samples to the 

wells of a microtiter plate coated by the pre-tittered quantity of a 

monoclonal mouse anti-rat insulin antibodies and the binding of 

biotinylated polyclonal antibodies to the captured insulin. After, the plate 

was washed several times, different concentrations of the points of 

standard curve and samples in duplicate were pipetted on wells, with 

assay buffer and detection antibody according to the manufactured 

instructions. Then, the plate was incubated and washed again, before 

adding the enzyme solution and incubated and washed one more time to 

add the substrate. Finally, after the last incubation, the reaction was 

stopped and the plate was read at 450 nm and 590 nm of absorbance on 

the spectrophotometer. For data calculations, the concentration of 
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samples was obtained by the curve extrapolation of the subtracted values 

of both absorbances.  

Transaminases levels 

For GOT determination levels, the AST Activity Assay - GOT – 

MAK055-1KT, by Sigma-Aldrich kit was performed. In this test, the 

transfer of an amino group from aspartate to α-ketoglutarate resulted in 

the generation of glutamate. This reaction produces a colorimetric 

product that is proportional to the AST enzymatic activity existent in the 

sample using a direct procedure. A standard curve was performed with a 

serial dilution of six points from 1 mM glutamate standard dilution. Then, 

reagents and mix preparation were pipetted in 96 well plate, and samples 

were set up on the plate in duplicate. After 2-3 minutes of incubation to 

perform the reaction, the plate was read at 450 nm of absorbance on a 

microplate reader for colorimetric assays, this data was documented as an 

initial value. After that, the incubation continued to develop the reaction 

and the measures were taken every 5 minutes until the value of the most 

active sample was greater than the value of the highest standard. The time 

of the penultimate reading before the most active sample was noted as the 

final value.  For data analysis, the background was subtracted and the 

initial absorbance values of samples were subtracted from the final values 

to check the activity development of the reaction performed. The final 

AST activity of a sample was determined by the next equation: 

AST Activity = (B * Sample Dilution Factor)/ (Reaction Time * V) 

B = Amount (nmoles) of glutamate generated between initial 

time and final time. 
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Reaction Time = final time – initial time (minutes). 

V = sample volume (mL) added to well. 

Initial time = Time of first reading (minutes).  

Final time = Time of penultimate reading (minutes).  

AST activity was reported as nmol/min/mL = milliunit/mL. One unit of 

AST is the amount of enzyme that will generate 1.0 µmole of glutamate 

per minute at pH 8.0 at 37 ºC. 

The transaminases GPT were measured by the ALT Activity Assay – 

GPT - MAK052-1KT, provided by Sigma-Aldrich. This determination 

led us to quantify the ALT enzymatic activity present on the sample 

through a direct procedure. The reversible transfer of an amino group 

from alanine to α-ketoglutarate produces a colorimetric product which is 

proportional to the pyruvate generated in the reaction. The determination 

procedure was the same as described above for the AST kit. The amount 

of glutamate generated was determined by the standard curve, as a 

representation of ALT Activity. The final ALT activity of a sample was 

determined by the next equation: 

ALT Activity = (B * Sample Dilution Factor)/ (Reaction Time * V) 

B = Amount (nmol) of pyruvate generated between initial time 

and final time. 

Reaction Time = final time – initial time (minutes). 

V = sample volume (mL) added to well.  

Initial time = Time of first reading (minutes). 
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Final time = Time of penultimate reading (minutes). 

ALT activity reported as nmol/min/mL = milliunit/mL, where one 

milliunit (mU) of ALT is defined as the amount of enzyme that generates 

1.0 nmol of pyruvate per minute at 37 ºC.       

4.1.5. Histological analysis  

For the observation of preliminary signs of cardiometabolic disease, we 

performed the histological analysis of the tissues, previously processed 

and fixed. The liver fixed in formalin was dehydrated with crescent baths 

of alcohols (70%>90%>100%), it was washed in a bath of xylol and 

finally, it was embedded in a heat paraffin bath (Leica TP1020). This 

procedure resulted in paraffin blocks with the tissue that was sectioned in 

0.5 µm with a microtome (Leica RM2245), and it was put on slides for 

staining (Figure 18).  

Hematoxylin-Eosin staining (H&E) was used to visualize the tissue and 

determining cellular structures, morphology, and composition. This stain 

provides contrast, and the cell nuclei in blue, cytoplasm and connective 

tissue in pink, and lipid vacuoles in white.  

To ensure the correct procedure, the slides were put on different baths 

consecutively. The protocol started with a bath of xylol to eliminate 

paraffin rests. For hydration of tissue, different baths of descending 

alcohol and finally water, were performed. Later, a bath of hematoxylin 

was done to stain, following by a bath of water to remove the excess of 

the stain. Next, a bath of eosin was done following a bath of water to 

remove the excess of stain again. The staining finished with a bath of 

ascending alcohols for dehydration of the sample and the assembly with 

a coverslip. 
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The final observation, morphology determination, and image acquisition 

were performed with a Leica DMD108 microscope with an integrated 

camera.  

 

 

Figure 18. A brief workflow of the histology methods 
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4.2. Metabolomic analysis. Nuclear magnetic resonance. Samples and 

processing. 

Serum, urine, and feces were used in a metabolomic approach in a dietary 

intervention rat model to study the metabolic features of the 

cardiometabolic disease using 1H-NMR. The metabolomic analysis 

routine is summarized in Figure 19. 

4.2.1. Sample collection 

Serum, urine, and fecal samples from the different experiments at several 

temporal points were collected and stored at -80 ºC until metabolomic 

measurements (see section 4.2.2.). The temporal sampling was shown in 

the experimental animal model (Figure 6-8).  

4.2.2. Sample preparation for NMR  

All samples were thawed at room temperature before metabolomics by 

NMR was measured. The sample handling was performed following 

directions from the Metabolomic and Molecular Imaging Laboratory 

(UCIM-University of Valencia) supported by the NMR technician. The 

handling and sample preparation of each type of sample is detailed below: 

Serum preparation 

A volume of 20 μL of serum sample was mixed with 2 μL of D2O (with 

internal reference to trimethylsilyl propionate (TSP) 2 mM). The mix was 

transferred to an NMR capillary tube of 1 mm of diameter for the analysis. 
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Figure 19. Metabolomic analysis routine 

CMD: Cardiometabolic disease 
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Urine preparation 

A volume of 20 μL of a urine sample was mixed with 2 μL of a tampon 

mix. The tampon mix contained a pH 7 tampon with internal reference to 

TSP 2 mM and D2O (tNaH2PO4•H2O/Na2HPO4•7H2O, TSP 31mM and 

10% of D2O). This tampon was added because pH variations can 

influence in metabolomic spectral in urine samples. The final mix 

(sample + tampon mix) was pipetted into a 1 mm NMR tube. 

Fecal extract preparation 

To measure the fecal samples, a procedure to obtain the fecal extract was 

done. This fecal extract was performed following the next steps:  

A piece of 60 g of fecal sample was weighed and mixed with 100 μL of 

MiliQ water into an Eppendorf. After, the sample was spined by 

centrifugation at 14800 rpm for 5 minutes.  

Supernatant was selected and spined by centrifugation at 14800 rpm for 

5 minutes again and after it was homogenized one more time. The sample 

was frozen to -80ºC for 5 minutes. Later, the sample was thawed with a 

metallic heating term block at 37ºC, for 3 minutes and spined by 

centrifugation at 14800 rpm for 5 minutes more, and homogenized. 

Finally, the samples were spined by centrifugation at 14800 rpm for the 

last 5 minutes, and then the supernatant was collected to measure at NMR 

as a fecal extract (Figure 20).  

For NMR measurement, 20 μL of fecal extract was used, this volume was 

mixed with 2 μL of D2O (with internal reference to TSP 2 mM) in an 

NMR capillary tube of 1 mm of diameter. 
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Figure 20. Fecal extraction routine for metabolomics 
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4.2.3. Spectra acquisition 

All spectra were acquired in a Bruker Avance DRX 600 spectrometer 

(Bruker GmbH, Rheinstetten, Germany) operating at a 1H frequency of  

600.13 MHz in the Molecular and Metabolomic Imaging Laboratory 

(UCIM-University of Valencia, Spain). The instrument was equipped 

with a 1 mm 1H/13C/15N TXI probe. This 1 mm probe can measure a 

volume of 20 μL, so it is suitable to analyze small animal samples without 

a large amount of sample. The measurement was carried out randomly 

between the samples of the different sample groups. The experiments 

were recorded at 310K. All spectra were acquired using a standard one-

dimensional pulse ZGPR sequence. Presaturation were acquired in 3 min 

using a 3.91 s acquisition time, 256 transients, a 14 parts per million 

(ppm) (8370 Hz) spectral width, and a relaxation delay of 2 s. 

4.2.4. Spectra processing 

A total of 1269 spectra were obtained and processed individually. The 

number of spectra included 279 in young rat experiments and 990 in adult 

rat experiments. To sum up, 489 spectra in serum samples, 325 in urine 

samples, and 455 in fecal samples were processed.  

All spectra were processed by MestReNova 8.1 (Mestrelab Research 

S.L., Spain). Each spectrum was Fourier-transformed, phased and 

baseline corrected. The spectra were referenced using the chemical shift 

of the second peak of the Alanine’s doublet at 1.478 ppm in serum and 

fecal samples. In urine samples, the second peak of Hippurate’s doublet 

at 7.846 ppm was used as a chemical shift of reference. Finally, the 

spectra were normalized to the TSP reference peak to remove variances 

in metabolite total concentration.  
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The reproducibility of NMR spectroscopy was verified by the 

superposition of normalized spectra of different samples of serum, urine, 

and feces. In addition, the chemical shift region including resonances 

between 0.50 and 4.50 ppm of spectrometer frequency and 5.00-9.5 ppm 

was investigated. The spectral region of water (4.50-5.00 ppm) was 

excluded. These chemical shift regions include the aliphatic region and 

the aromatic region, respectively. 

4.2.5. Metabolites assignment 

Identification of metabolites was achieved using the Chenomx NRM 

Suite 8.1 profiler (Chenomx Inc. Edmonton, Canada). In addition, 

specialized NMR databases such as the Human metabolome database 

(HMDB) (85) were consulted together with the currently available 

literature on NMR-based metabolomics. 

4.2.6. Metabolite quantification 

The area under the curve of the metabolites or spectral regions was 

performed by both Chenomx NRM Suite 8.1 profiler (Chenomx Inc. 

Edmonton, Canada) and semi-automated in-house Matlab R2015b (The 

MathWorks Inc., Natick, Massachusetts) integration and peak-fitting 

routines, as previous studies by our group. 

4.2.7. Data processing and multivariate analysis 

Chemometric statistical analyses were performed using in-house Matlab 

scripts and the PLS Toolbox (Eigenvector Research, Inc.). The analysis 

routine included previous mean-centering and autoscaling of the data.  
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Principal component analysis (PCA) and partial least-squares 

discriminant analysis (PLS-DA) were accomplished to visualize the 

metabolic variations between groups in a multivariate analysis, showing 

the group classification and the main metabolites involved. The main 

advantage of these multivariate models is that allow the visualization and 

understanding of different patterns and relations in the data, through the 

associated scores and loadings (86). 

PCA is an unsupervised multivariate analysis for low-dimensional 

visualization of multivariate data, which optimally conserves the 

organization of the data. PCA produces a conversion of the variables in a 

data set into new latent variables known as principal components (PCs) 

(87). The purpose of PCA is twofold: to detect outliers and to evaluate 

samples aggrupation spontaneously. 

PLS-DA is a supervised method that uses multivariate regression 

techniques to determine a linear connection between a data matrix 

(metabolomic data) and a response matrix (diet treatment). The purpose 

of PLS-DA is to identify class differences from a multivariate dataset 

(88), where each class is referred to each diet group. This is a method of 

classification that includes the properties of Partial Least Squares 

regression with the discrimination power of discriminant analysis (89). It 

is commonly used to build a statistical model that adjusts the separation 

among the two groups of interest.  

From the results of PLS-DA data analysis, the variable importance in the 

projection (VIP) scores was calculated for each component. This values 

specify the impact of each variable on the group classification. In the 

matrix results, the values of VIP scores more elevated expose a robust 

contribution to discrimination among groups. In this study, VIP values > 
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1.0 were used to define which spectral variables significantly contributed 

to the separation of the samples, following the guidelines of previous 

studies (90). 

Finally, one-way analysis of variance (ANOVA) was calculated to 

evaluate the statistically significant differences between the main 

metabolites acquired from VIP scores. A post hoc analysis based on the 

Bonferroni multiple comparison test was performed. A control-diet ratio 

was calculated in several metabolomic analyses by the subtraction of the 

mean metabolite relative concentration in the diet groups on the value of 

control groups, then the subtraction value was divided by the dietary 

group. 

4.3. Microbiome analysis. Denaturant gradient gel electrophoresis 

and Sequencing.  

In this thesis, a microbiome analysis was applied to the diet intervention 

rat model to study the microbiota’s fluctuations of the cardiometabolic 

disease using both the DGGE and Sequencing techniques.  

The DGGE technique is useful to evaluate general differences at the level 

of diversity and richness of the microbiota whilst the sequencing analysis 

is used to investigate the most specific differences of microbial species. 

The microbiome analysis routine is summarized in Figure 21. 
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Figure 21. Microbiome analysis routine 

4.3.1. Samples collection and DNA extraction 

Fecal samples were directly collected from rats at several temporal points 

during the experiment, as shown at Figure 6-8. These samples were 

collected with RNA later for the better conservation of the microbiota. 

A total of 378 fecal samples were manually DNA isolated and 

individually processed, following the instructions of a manufactured 

commercial kit (Figure 22) with some variations detailed below.  

The first step of microbiome determination,  the DNA extraction, was 

required for both DGGE and sequencing. A commercial kit (QIAamp 
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DNA Stool Mini Kit, Qiagen) was used for the isolation and purification 

of bacterial DNA from fecal samples. This kit allows the rapid 

purification of DNA from frozen fecal samples. The general procedure 

indicated by the Qiagen website included optimized buffers and enzymes 

which can lyse samples, stabilize nucleic acids, and enhance selective 

DNA adsorption to the QIAamp membrane. After this, alcohol was added 

and lysates were loaded on top of the QIAamp spin column. polymerase 

chain reaction (PCR) inhibitors were eliminated by the combined action 

of InhibitEX and an optimized buffer. Proteinase K lysis ensured high 

yields of all types of DNA common in the stool and remaining impurities 

were efficiently removed in two wash steps. In the end, the amplification-

ready DNA was eluted in a low-salt buffer. 

The procedure included a large number of steps and it was performed in 

two days. On the first day, 200 mg approximately of fecal sample was 

taken and mixed with 1.5ml of Buffer ASL in a 2 ml Eppendorf tube. 

After a vortex mixing, samples were incubated at 60°C overnight. 
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Figure 22. QIAamp DNA stool mini procedure (www.qiagen.com) 

On the second day the samples were centrifuged for 3 min at 13,300 rpm, 

supernatants were collected and an InhibitEX tablet was added until the 

tablet was totally suspended. Then the suspension was incubated for 1 

min at room temperature to allow inhibitors to adsorb to the InhibitEX 

matrix. Centrifugation was performed for 12 min at 13,300 rpm to 



 

61 

 Material and Methods 

pelletize the tablet, and 600 µl of supernatant was transferred to a new 

tube with 25 µl of Proteinase K. Then 600 µl of AL Buffer was added to 

the tube, and it was mixed by vortex, and it was incubated at 70°C for 15 

min. After this step, 600 µl of 100% Ethanol was added and mixed by the 

vortex. Afterwards, 600 µl of lysate from the last step was transferred to 

the QIAamp spin column placed over a collection tube, and it was 

centrifuged at 13,300 rpm for 1 min several times until the QIAamp spin 

column was empty. After the filtrate was discarded, the QIAamp spin 

column was transferred to a fresh collection tube. Then 500 µl of AW1 

Buffer was added to the QIAamp spin column, and it was centrifuged at 

13,300 rpm for 1 min. After the QIAamp spin column was transferred to 

a fresh collection tube and 500 µl of AW2 Buffer was added, and 

centrifugation was done again at 13,300 rpm for 2 min twice to dry the 

column. In the last steps, 60 µl of AE Buffer previously heated was 

pipetted directly onto the QIAmembrane inside of the QIAamp spin 

column, and it was incubated for 40 min at room temperature. Finally, 

two cycles of centrifugation at 8,000 rpm for 3 min were performed, an 

addition of 60 µl more of Buffer AE onto the QIAmembrane and an 

incubation for 15 min at room temperature. In the end, 180 µl of DNA 

was obtained. 

4.3.2. DNA quantification and normalization 

DNA concentration was determined using a spectrophotometer 

(NanoDrop 2000, Thermo Scientific). One microliter of each sample was 

measured accurately, and then all samples were diluted to a concentration 

of 10 ng/μl to be normalized.  

These samples were stored at -80ºC to further analysis by DGGE and 

sequencing.  
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4.3.3. DGGE  

A total of 349 fecal samples was measured for a visual analysis of 

microbiota richness by DGGE, using a DCode Universal Mutation 

Detection System (Bio-Rad). 

This technique involved electrophoresis, using a combination of 

temperature and chemical gradient to denature the DNA as it moves 

across an acrylamide gel. DGGE procedure was briefly summarized in 

Figure 23. 

This analysis method included several procedure steps. Firstly, it was 

necessary to perform a polymerase chain reaction (PCR) amplification 

specifically for DGGE. Secondly, the DGGE protocol was executed. And 

finally, the image analysis of the results was carried out. 

PCR-DGGE amplification 

The V2-V3 region of the 16S rDNA gene of bacteria was amplified by 

PCR with bacterial primers HDA1-GC and HDA2 obtained by Fisher 

Scientific.  

The primer sequences were previously described by several publications 

(91). The sequence of HDA1-GC primer is a carrier of GC clamp, which 

is necessary to perform DGGE. The sequences are the following:  

HDA1-GC: 

CGCCGCGGGCCGCCGCCGGGCGGGGGGGCAGCGCGGGGGGA

CTCCTACGGGAGGCAGCAGT  

HDA2: GTATTACCGCGGCTGCTGGCAC 
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PCR amplification was performed in an Esco Swift MiniPro Thermal 

Cycler. The 50 µl reaction mixture contained 2.5 µl of each primer [0.5 

µM], 1 µl of dNTPs mixture [200 µM], 10 μl of 5X Phusion Green 

HF/GC Buffer, 1.5 μl of DMSO (3%), 0.75 μl of MgCl2 [0.75 mM], 0.5 

μl of Phusion Green HF DNA polymerase 2 U/µL (Thermo Fisher 

Scientific), 28.75 μl of water and 2.5 μl of DNA template. 

The amplification program used was showed on Table 1.  

Table 1. PCR-DGGE amplification program 

Step Cycles Temperature Time 

Initial 

denaturation 
1 98ºC 30 seconds 

Annealing      

and extension 
30 

98ºC 7 seconds 

72ºC 25 seconds 

Final extension 1 72ºC 7 minutes 

 

The amplicons obtained were tested by electrophoresis in a 2% agarose 

gel with Syber green staining, and it was visualized with a UV chamber. 

The presence of bands on the agarose gel indicated a successful 

amplification. 

DGGE procedure 

PCR-based DGGE analysis was conducted to detect microbial diversity. 

The procedure to perform the DGGE analysis was achieved following the 

equipment’s instructions of BioRad and Stefan et al. (92) with some 

variations. The procedure is detailed below (Figure 23). 
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Figure 23. DGGE procedure 
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In the first steps, a 35-65% gradient gel was made. The solutions needed 

to prepare the gel were the following: a 0% denaturant solution (40 ml of 

40% Acrylamide/Bis 37.5:1, 2 ml of 50x TAE Buffer and 158 ml of H2O) 

and an 80% denaturant solution (40 ml of 40% Acrylamide/Bis 37.5:1, 2 

ml of 50x TAE Buffer, 64 ml of deionized formamide, 67.2 g of Urea and 

water until complete 200 ml). The denaturing gradient was achieved by 

the mix of these two solutions created (0% and 80%) that formed the fresh 

solutions, 35% and 65% with different mixing percentages of previous 

solutions and the addition of APS (10x) and TEMED.  

Later, the gradient gel was formed mixing the 35% and 65% solutions 

with manual control. Moreover, a solution as stuking was added on the 

top of the gel with a high percentage of TEMED to a better solidification 

of the wells. The comb was put on the top of the gel to build the wells. A 

couple of hours were needed, for the complete solidification. 

When the gel was cool, the comb was removed carefully, and the DGGE 

chamber with the gel was introduced into the tank. The tank was filled 

with 1X TAE buffer diluted from 50X TAE buffer (2 M Tris base, 1 M 

glacial acetic acid, and 50 mM EDTA), and the tank was set to 60ºC 

temperature to heat the buffer. Finally, 15 μl of each PCR product was 

mixed with loading buffer, and it was pipetted into the wells. The 

electrophoresis was run at a constant voltage of 75 V and 60°C for 16 

hours. 

After electrophoresis running, the gel was stained with Syber green for 

45 minutes and it was visualized by the UV chamber (Uvitec – Uvidoc 

H06, Cambridge) to record the image. To detect bands and bacterial 

profiles, the images of bands were examined by Gelanalyzer software, 

and the statistical analysis was performed with Excel. 
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4.3.4. Sequencing 

A total of 59 samples at the endpoint of the experiment were measured 

by a specific analysis of the microbiota of fecal samples by sequencing 

technique platform (FISABIO-GVA, (Valencia, Spain). For this 

procedure, normalized DNA samples to 10 ng/μl were used. The 

microbiome composition of fecal samples was analyzed using 16S rRNA 

gene sequencing. Two sequencing methods were used: in young rats’ 

samples, the region of the bacterial 16S rRNA (V1-V3) was sequenced 

employing the 454-Roche pyrosequencing whereas in adult rats’ samples, 

the region of the 16S rRNA (V3-V4) was sequenced by Illumina MiSeq. 

DNA libraries were performed according to the manufacturer’s 

instructions of an amplicon library preparation Illumina protocol. Briefly, 

two PCR steps with a library quantification, a normalization, and, finally 

a library denaturing and MiSeq sample loading were included.  

The sequencing was done with the reagents of the bacterial region of 

interest, and reported metagenomics data. The metagenomics workflow 

classifies organisms from our bacterial region of the amplicon based on 

the gene-database. Then, the data file was obtained with the classification 

of reading at several taxonomic levels: kingdom, phylum, class, order, 

family, genus, and species. 

Finally, statistical analysis was performed with the operational 

taxonomical unit data (OTU) obtained to investigate differences in 

microbiota composition between groups at different taxonomic levels. 

Furthermore, the diversity and richness of the microbiome were 

evaluated, and the relative species abundance of samples was studied.  
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4.4. Inflammation analysis. Milliplex and real-time qPCR. 

4.4.1. Milliplex technology 

The inflammation analysis was performed by the measure of different 

pro-inflammatory cytokines by a Milliplex® MAP magnetic bead panel 

using the Luminex® xMAP® platform. The Milliplex technology 

allowed us to obtain a quantitative multiplex detection of several analytes 

simultaneously. 

A total of 81 serum samples, at the endpoint of the different animal 

experiments, were measured by a specific magnetic bead panel with the 

following analytes: Interleukin 1 beta (IL-1β), tumor necrosis factor 

(TNFα), Interleukin 6 (IL-6), monocyte chemoattractant protein-1 (MCP-

1), plasminogen activator inhibitor-1 (PAI-1), Leptin, Peptide YY (PYY), 

and C-Peptide. The procedure was performed according to the 

manufactured instructions detailed below (Figure 24).  

Before starting the assay, the serum samples were thawed and mixed by 

vortexing, and a centrifuge was done to delete suspended particles.  

After, the reagents preparation was performed. The vials of beads were 

sonicated and vortexing to disaggregate the beads, and then the vials were 

mixed with bead diluent. The wash buffer was diluted with deionized 

water before use it. The quality controls, serum matrix and rat adipokine 

standard were reconstituted with deionized water. Then, from the 

reconstituted standard, serial dilutions were done to achieve the other six 

points of the standard curve. 

The plate was washed with assay buffer, and then the reagents (standard, 

matrix and assay buffer) were added to the appropriate wells. After 
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adding the samples and the beads to the wells, the plate was incubated 

overnight at 4ºC. The following day, the plate was accurately washed 

with a handheld magnet to remove the content of the wells, without 

removing the magnetic beads. The detection antibody was added to the 

wells, and the plate was covered and incubated at room temperature on a 

plate shaker for two hours to complete the reaction. Then, the 

streptavidin-phycoerythrin was added to the wells, and the plate was 

incubated again to finish the reaction of the assay. Finally, the plate was 

washed with the handheld magnet, and the plate was read on Luminex ® 

equipment, with the previous addition of drive fluid to the wells.  

The data obtained by the Luminex ® software was analyzed using the 

standard curve and a 5 parameter logistic method for calculating the 

concentrations of the analytes in the samples. The differences between 

sample groups were evaluated with Excel and IBM SPSS Statistics 19.0 

(IBM Corp., Armonk, NY, USA). 
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Figure 24. Milliplex analysis by Luminex technology 



 

70 

 Material and Methods 

4.4.2. Quantitative real-time PCR. 

In addition to the previous inflammatory cytokine analysis, the 

measurement of some genes related to the activity of the immune system 

of our rat model was performed. The expression of myeloid 

differentiation primary response 88 (Myd88) and toll-like receptor 4 

(TLR4) in the liver and the expression of occludin in the gut were studied.  

A total of 24 liver samples of the high-fat experiments and 12 gut samples 

of high-fructose experiments were measured by real-time qPCR. This 

technique allows the amplification and quantification of the product of 

DNA amplification. The procedure involved three steps: tissue sample 

extraction, retro-transcription, and real-time qPCR amplification. These 

steps were detailed below (Figure 25). 

Tissue extraction 

The measure of gene expression in tissue samples started with the method 

of DNA extraction from the tissue. The extraction was performed by 

tissue homogenates. The homogenates were done by the addition of 1 ml 

of trizol to a small piece of sample tissue (50-100mg) in an Eppendorf. 

Then the sample was crushed with an ultra-turrax homogenizer on ice, 

and low-temperature 12000g centrifugation was performed for 10 min to 

pelletizer the big components of the rest of the tissue.  

After chloroform was added to the supernatant collected, the components 

were mixed and centrifuged at 12000g for 15 minutes at a low 

temperature. The supernatant, which contained the DNA, was collected. 

Then, to obtain the RNA by the precipitation of RNA content, 

isopropanol (99%) was added to the sample, it was mixed and centrifuged 
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again. The RNA was washed with ethanol (75%), and the RNA pellet was 

mixed with H2O RNAse free. The suspension was warmed for 10 minutes 

to achieve a homogenate. 

When the RNA was collected in a suspension, the concentration and 

quality were measured in a Nanodrop. The quality index used was the 

A260/280 absorbance values. Samples were considered to have a good 

quality index if A260/280 value was close to 2. These measures were 

performed to normalize the samples for the following PCR analysis. 

Retro-transcription 

The retro-transcription of the samples was performed by the High 

capacity RNA to cDNA kit (Applied Biosystems). The kit was executed 

following the manufactured indications. Briefly, a mix was prepared with 

the buffer and the enzyme, that it was pipetted in the samples.  

The reverse transcription reaction was performed in a thermocycler with 

the next cycle steps:        

37ºC (60 min) – 95 ºC (5 min) – 4ºC (∞). 

Then cDNA was ready for use in real-time qPCR.  
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Figure 25. Real-time qPCR amplification procedure 
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Real-time qPCR Amplification 

The final step was to perform the real-time qPCR by the equipment of 

Thermo 7900HT PCR System. For this step, the TaqMan gene expression 

master mix (Applied Biosystems) was used. The procedure was 

performed following the kit instructions. Briefly, the probe 

(Myd88/TLR4/occludin), the TaqMan master mix and the H2O RNAse 

free were mixed. The mix with the samples was added to the wells in a 

384 plate. Every sample was measured three times. The actin gene was 

measured, as an endogenous reference. The program run included a 10 µl 

of sample volume with 40 cycle repeats of the following thermal profile:  

50ºC (2 min) – 95ºC (10 min) – 95ºC (15 sec) – 60ºC (1 min) 

When the amplification was finished, the results were exported in a data 

file to analyze the Ct values. The actin values were subtracted from all 

gen studied samples to normalize the data. Finally, the diet groups were 

subtracted from control groups to observe the expression of the gen in the 

studied groups. 
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4.5. Statistical analysis 

The statistical analysis was performed with several package software, 

including IBM SPSS Statistics 19, Matlab R2015b with the PLS-

Toolbox, Metaboanalyst 4.0, and Excel Office 2013. 

The clinical parameters (physiological and biochemical) and 

inflammation analysis were checked with different statistical tests, 

according to the necessity of the groups and the values obtained. SPSS 

and Excel were used to perform these statistical analyses. 

Data groups were presented as the mean ± standard deviation (SD). All 

data results from tests were regarded as statistically significant when p-

value < 0.05. 

Previously, the evaluation of groups' normality was calculated with 

Shapiro-Wilk and Kolgomorov-Smirnov tests, according to the sample 

size. Moreover, the evaluation of groups' homogeneity was calculated 

with the Levene test. 

The differences in measured variables between groups were analyzed 

with the t-Student test or ANOVA followed by the post hoc analysis 

based on the Bonferroni multiple comparison test, according to the group 

analyses. When the groups' distribution was not normal, the non-

parametric Kruskal-Wallis test or Mann–Whitney U-test was used. 

Multivariate analysis of Metabolome and microbiome was performed 

with PCA and PLS-DA using Matlab R2015b (The MathWorks Inc., 

Natick, Massachusetts). VIP scores were obtained to detect the variables 

considered relevant for the discrimination between groups. The variables 
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with VIP>1 were considered a good marker of discrimination (see section 

4.2.7.). 

The determination of the statistical significance between the metabolites 

or microorganisms of the different groups was carried out using t-test or  

ANOVA.  

The pattern discovery was studied through the use of a correlation 

heatmap to visualize in a graphical form the data association 

representation of different variables. 

Finally, to visualize the changes in the general variables induced by the 

diet, over time among different groups, time series-two factor with 

Metaboanalyst and ANOVA test of repeated measures with SPSS were 

used. 

4.6. Study population 

A study of the general population of children of both sexes was 

performed, which were volunteered to participate in the study. A total of 

24 schoolchildren and adolescents aged between 8 and 17 years from the 

Valencia Department of Health No. 5, whose referral hospital is the 

Hospital Clínico Universitario de Valencia participated. The patients 

were recruited from the Pediatric Gastroenterology and Nutrition, 

Pediatric Cardiology, Pediatric Endocrinology, and Pediatric General 

Consultation outpatient clinics. Our contribution to the project was to 

identify metabolomic signatures and relate them to insulin resistance. The 

study was approved by Ethics committee of the University Clinical 

Hospital of Valencia (June 2016). Blood samples were measured by 

NMR metabolomics to study the human metabolome. 
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Insulin resistance was set at HOMA index value above the 95th percentile 

described in healthy children (HOMA≥3.6) (93). 

The samples were measured by the 5mm probe in the NMR equipment, 

using 500 µl of the sample. The spectra were acquired and processed 

following the same routines describe before in the animal samples. 
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5. RESULTS 

5.1. Influence of a high-fat and sucrose diet in adult male rats housed 

in conventional. 

5.1.1. Changes in clinical parameters. Signs of disease in male rats. 

After 12 weeks on a high-fat and sucrose diet, adult male rats showed an 

increase of the body weight and abdominal perimeter,even if the diet 

intake was lower  than the rats fed with standard diet. Other parameters 

associated to the cardiometabolic disease like, triglycerides, and both 

systolic and diastolic blood pressure were increased whilst HDL 

cholesterol was decreased  in male rats under a high-fat diet (Table 2). 

Glycemic levels were also elevated in the high-fat diet group when 

compared to the standard diet group. Furthermore, although insulin levels 

were higher in the high fat diet group but did not reach the statistical 

significance, C-peptide, which is considered a useful marker of insulin 

production, was statistically increased (Table 3). 
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Table 2. Summary of physiological and biochemical parameters at twelve weeks 

of diet in male adult rats raised in conventional housing facilities. 

 M-CTL.C 

(n=8) 

M-HFD.C 

(n=8) 
p_value 

Body weight (g) 633,13 ± 56,56 736,25 ± 93,37 0,018 

Body weight gain (g) 140,63 ± 18,84 230,38 ± 57,25 < 0,001 

Diet intake (g) 3,80 ± 0,39 2,80 ± 0,32 < 0,001 

Systolic blood 

pressure (mmHg) 
107,12 ± 8,24 126,70 ± 8,98 < 0,001 

Diastolic blood 

pressure (mmHg) 
71,01 ± 9,09 97,10 ± 10,69 < 0,001 

Abdominal perimeter 

(cm) 
23,44 ± 1,08 26,19 ± 1,65 0,001 

Body length (cm) 27,88 ± 1,55 29,25 ± 1,00 0,054 

BMI 8,16 ± 0,55 8,57 ± 0,49 0,162 

Glycemia (mg/dl) 86,13 ± 5,96 96,00 ± 7,98 0,014 

Triglycerides (mg/dl) 116,69 ± 29,76 154,22 ± 63,48 0,152 

HDL Cholesterol 

(mg/ml) 
151,36 ± 42,24 98,80 ± 18,35 0,006 

VLDL Cholesterol 

(mg/ml) 
25,47 ± 6,24 17,96 ± 6,22 0,030 

Insulin (ng/ml) 3,43 ± 1,31 4,71 ± 1,72 0,117 

GOT/AST (mU/ml) 22,50 ± 4,89 15,23 ± 3,56 0,004 

GPT/ALT (mU/ml) 11,16 ± 7,66 4,94 ± 2,16 0,044 

Values are expressed as means ± standard deviations. 
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Surprisingly, hepatic enzimes like GOT/AST and GPT/ATL were not 

elevated but reduced in animals fed with high fat and sucrose diet. 

However, the histological analysis showed increase in size and quantity 

of lipid vacuoles inside the hepatocytes of the group with a high-fat and 

sucrose diet, compared to the group with a control diet (Figure 26 A-B). 

The liver weight showed a tendency to be higher after the intake of a high-

fat and sucrose diet but did not reach statistical significance (Figure 26 – 

C). 

    

Figure 26. Hepatic histology sections of 5 micras stained with H&E in control 

male rats (A) and high-fat diet male rats (B) and the comparative of the liver 

weight (C). Bars express means and standard deviations. 

5.1.2. Modulation of inflammation. Circulating chemokines and liver 

genes expression in male rats. 

Among the serum inflammatory cytokines profiled using the multiplex 

assay (IL-1β, TNF-α, MCP-1, PAI-1t, and IL-6), no significant changes 

were observed for the 12 weeks in high fat and sucrose diet when 

comparing to the control diet. The IL-6 did not reach the limit detection 

of the Milliplex assay (Table 3). 
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Table 3. Summary of serum cytokines circulating in male adult rats in 

conventional at twelve weeks of the diet. 

Analyte  

(pg/ml) 
M-CTL.C 

(n=8) 

M-HFD.C 

(n=8) 
p_value 

IL-1β 47,12 ± 36,90 90,47 ± 78,86 0,181 

TNF-α 1,03 ± 0,19 1,65 ± 1,47 0,438 

C_peptide 675,5 ± 213,80 1107,56 ± 321,18 0,007 

leptin 3595,25 ± 1728,59 7517,19 ± 7730,4 0,183 

PYY 49,34 ± 18,50 87,34 ± 70,99 0,165 

MCP-1 
(n=5) 

420,44 ± 106,25 388,24 ± 57,15 0,567 

PAI-1t (n=5) 14,06 ± 6,5 20,74 ± 4,94 0,153 

IL-6 (n=5) No detectable No detectable - 

Values are expressed as means ± standard deviations. 

The dietary intervention of 12 weeks with high-fat diet in male rats 

increased the liver expression of the TLR4 and MyD88 genes which are 

involved in the mediation of the immune response and the 

proinflammatory cytokine production (Figure 27). 

      

Figure 27. Relative expression of TLR4 (A) and MyD88 (B) in male rats with 

control and high-fat diet at twelve weeks of the diet. Bars express the means. 
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5.1.3. Modulation of gut microbiota in male rats. 

The characterization of the microbiome obtained from stool samples, 

showed changes in the microbial diversity in the group of rats fed with a 

high-fat and sucrose diet, when compared to the control group. These 

changes revealed the influence that the diet has on the bacterial ecosystem 

in the host. The specific alterations of the bacterial communities at the 

phylum taxonomic level, were evaluated by Sequencing (Figure 28 - A). 

This microbiome modulation showed a clear imbalance in the 

Firmicutes/Bacteroidetes ratio between CTL and HFD group (Figure 28 

– B) a different banding pattern of the DGGE (Figure 28 - C) and a lower 

Chao 1 index (Figure 28 - D) was indicative of a less diversity in the HFD 

group.  

 

Figure 28. Microbiome alterations in male rats with control and high-fat diet at 

twelve weeks. (A) Gut bacterial communities sequencing, (B) 

Firmicutes/Bacteroidetes ratio, (C) DGGE bands (mean ± SD) and (D) 

Rarefaction curves based on Chao1 index. 
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5.1.4. Metabolism alterations in male rats. Metabolome analysis. 

The high-fat diet induced alterations in the metabolic profile of serum, 

urine and feces. The metabolome analysis through 1H-NMR of serial 

temporal points allowed us to explore also time-dependent changes in the 

metabolome. PCA of serum, fecal samples and urine revealed that the 

high-fat diet group was metabolically different from the control diet 

group at different temporal points of the experiment. The following 

chapters evidence these alterations. The complete tables with means and 

standard deviation of metabolites at the different temporal points are 

shown in annexes. 

5.1.4.1. Alterations in metabolic profile in male rats at three weeks of 

diet (t1). 

PCA of serum, fecal samples, and urine metabolome revealed that the 

high-fat diet group had some metabolic alterations compared with the 

control diet group in only three weeks of diet intake. The graphics showed 

some classifications between groups (Figure 29). 

The calculated Ratio (HFD-CTL)/CTL showed some variations in the 

relative concentrations of metabolites between the two diets at the three 

weeks of the experiment. These alterations evidenced statistically 

differences in o-phosphocholine circulating in serum. PCA with the 

serum metabolites failed to spontaneously cluster the animals in two 

groups according to the diet. However, when using a supervised method 

by the PLS-DA, the metabolites that were relevant for the discrimination 

between the control diet group and high-fat diet group, were related to 

fatty acids (FA-CH2n, FAB-CH2, cholesterol, FA=CH2-CH), microbial 

metabolism (o-phosphocholine, trimethylamine-n-oxide, 
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dimethylamine),  inflammation metabolism (N-acetyl glycoproteins 

(NACs)) and amino acids metabolism (proline, phenylalanine, tyrosine, 

glycine). All metabolite variations are detailed in Figure 30. 

Feces and urine PCA plot showed clear separation between male rats 

housed in conventional conditions fed with a high-fat diet in comparison 

to the rats fed with control diet (Figure 29 B and C).  

In fecal samples the metabolic differences in the HFD group were mostly 

driven by and increased excretion of branch-chained amino acids 

(isoleucine, leucine, and valine) O-phosphocholine, creatine and 

succinylacetone and reduced excretion of microbiota metabolism 

(trimethylamine, methylamine, acetate, phenylacetate, 3-

hydroxyphenylacetate, butyrate, dimethylglycine), taurine, lactate, 

glucose, arabinose, uracil arginine, among others (Figure 31).  

In urine samples the High-fat diet induced a reduced excretion of 

metabolites related to the Krebs cycle (2-oxoglutarate, succinate, citrate, 

fumarate), microbiota metabolism (hippurate, dimethylamine, 

trimethylamine, methylamine) and amino acids (histidine, 

methylhistidine, proline, aspartate, valine, homocysteine) (Figure 32). 

https://www.sciencedirect.com/topics/medicine-and-dentistry/leucine
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Figure 29. PCA scores plot based on the 1H NMR spectra of  (A) serum, (B) feces 

and (C) urine from control (black cross) and HFD (grey square) rats on week 3 

of diet. PC = principal component 
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Figure 30. Metabolomic Ratio HFD-CTL and VIP score plot derived from PLS-

DA analysis in male rats (CTL versus HFD) at three weeks of the diet, based on 

serum NMR. Grey bars represent the ratio of metabolites in serum NMR with 

diet effect (positive bars: increased in HFD; negative bars: decreased in HFD). 

Black bars represent VIP scores. Statistics from univariate analysis: *p<0.05; 

**p<0.01; ***p<0.001. VIP scores above 1, complete figure in annexes. 
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Figure 31. Metabolomic Ratio HFD-CTL and VIP scores plot derived from PLS-

DA analysis in male rats (CTL versus HFD) at three weeks of the diet, based on 

feces NMR. Grey bars represent the ratio of metabolites in feces NMR with diet 

effect (positive bars: increased in HFD; negative bars: decreased in HFD). 

Black bars represent VIP scores. Statistics from univariate analysis: *p<0.05; 

**p<0.01; ***p<0.001. VIP scores above 1, complete figure in annexes. 
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Figure 32. Metabolomic Ratio HFD-CTL and VIP scores plot derived from PLS-

DA analysis in male rats (CTL versus HFD) at three weeks of the diet, based on 

urine NMR. Grey bars represent the ratio of metabolites in urine NMR with diet 

effect (positive bars: increased in HFD; negative bars: decreased in HFD). 

Black bars represent VIP scores. Statistics from univariate analysis: *p<0.05; 

**p<0.01; ***p<0.001. VIP scores above 1, complete figure in annexes. 
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5.1.4.2. Alterations in metabolic profile in male rats at six weeks of 

diet (t2). 

PCA of serum, like the observed at 3 weeks, failed to spontaneously 

cluster the animals in two groups according to the diet, however, PCA of 

fecal samples metabolites revealed a good separation between the high-

fat diet group and the control diet group at the six weeks of the experiment 

(Figure 33). The PCA of the urine samples is not shown because the 

collection of urine from the rats at this time point was insufficient to 

perform an analysis with statistical validity. 

 

Figure 33. PCA scores plot based on the 1H NMR spectra of (A) serum, and (B) 

feces from control (black cross) and HFD (grey square) rats on week 6 of diet. 

PC = principal component. 

The HFD Ratio showed variations in the relative concentrations of 

metabolites at the six weeks of the experiment. These alterations 

evidenced an increase of fatty acids (FA-CH2n) and a decrease in 

carnitine and o-phosphocholine circulating in serum, with statistical 

significance. Moreover, VIP scores derived from the PLS-DA model of 

metabolome indicated the high impact of metabolites related to increased 

serum levels of fatty acids, arginine, and methanol, and reduced levels of 
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microbial metabolism (Trimethylamine), 2-hydroxybutyrate, choline 

compounds (choline and O-phosphocholine), methylhistidine, and 

cysteine (Figure 34). Furthermore, the analysis of feces showed an 

increased o-phosphocholine but reduced lactate, methylguanidine, 

acetate, phenylacetate and derivates, fumarate, ribose, butyrate, 

trimethylamine, trimethylamine-N-oxide, taurine, ribose or mannose   

excretion (Figure 35). 

 

Figure 34. Metabolomic Ratio HFD-CTL and VIP scores plot derived from PLS-

DA analysis in male rats (CTL versus HFD) at six weeks of the diet, based on 

serum NMR. Grey bars represent the ratio of metabolites in serum NMR with 

diet effect (positive bars: increased in HFD; negative bars: decreased in HFD). 

Black bars represent VIP scores. Statistics from univariate analysis: *p<0.05; 

**p<0.01; ***p<0.001. VIP scores above 1, complete figure in annexes. 
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Figure 35. Metabolomic Ratio HFD-CTL and VIP scores plot derived from PLS-

DA analysis in male rats (CTL versus HFD) at six weeks of the diet, based on 

feces NMR. Grey bars represent the ratio of metabolites in feces NMR with diet 

effect (positive bars: increased in HFD; negative bars: decreased in HFD). 

Black bars represent VIP scores. Statistics from univariate analysis: *p<0.05; 

**p<0.01; ***p<0.001. VIP scores above 1, complete figure in annexes. 
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5.1.4.3. Alterations in metabolic profile in male rats at nine weeks of 

diet (t3). 

PCA of serum, feces and urine revealed a shift in metabolic profiles 

between the high-fat diet group and the control diet group at the nine 

weeks of the experiment (Figure 36).  The HFD Ratio showed variations 

in the relative concentrations of several metabolites at nine weeks of the 

experiment. Serum metabolic alterations by the enriched fat and sucrose 

diet comprised increased fatty acids (FAB-CH2, FA-CH2n and FA=CH-

CH2-CH-), acetoin, sugars (mannose, fructose), lactate, myo-inositol, 

microbiota metabolites (methanol, isovalerate),  amino acids and 

derivatives (arginine, glutamate, 2-hydroxybutyrate, 3-aminoisobutyrate) 

and creatines  (Figure 37). 

The analysis of fecal samples showed a dysregulation between control 

and high-fat diet involving a huge part of the metabolome (Figure 38). In 

addition to the metabolites that were decreased in feces at six weeks of 

HFD, more metabolites like dimethylglycine, methylamine, ethanol, 

dimethylamine, asparagine, alanine, glutamate, isovalerate, tyrosine, o-

acetylcarnitine, kynurenine, xanthine, pyruvate, caprate, arabinose, 

xanthine, and hypoxanthine were also reduced (Figure 38). 

Urine metabolome, after 9 weeks of a high-fat diet, showed reduced 

levels of hippurate, and trans-aconitate but increased levels of pyridoxine, 

cysteine, methylnicotinamide, 2-hydroxyvalerate, isobutyrate, 

acetoacetate, succinylactenone, methanol, NAC, and 2-aminoadypate 

when compared to a control diet administration (Figure 39). 
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Figure 36. PCA scores plot based on the 1H NMR spectra of (A) serum, (B) feces 

and (C) urine from control (black cross) and HFD (grey square) rats on week 9 

of diet. PC=principal component. 

 

Figure 37. Metabolomic Ratio HFD-CTL and VIP scores plot derived from PLS-

DA analysis in male rats (CTL versus HFD) at nine weeks of the diet, based on 

serum NMR. Grey bars represent the ratio of metabolites in serum NMR with 

diet effect (positive bars: increased in HFD; negative bars: decreased in HFD). 

Black bars represent VIP scores. Statistics from univariate analysis: *p<0.05; 

**p<0.01; ***p<0.001. VIP scores above 1, complete figure in annexes. 
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Figure 38. Metabolomic Ratio HFD-CTL and VIP scores plot derived from PLS-

DA analysis in male rats (CTL versus HFD) at nine weeks of the diet, based on 

feces NMR. Grey bars represent the ratio of metabolites in feces NMR with diet 

effect (positive bars: increased in HFD; negative bars: decreased in HFD). 

Black bars represent VIP scores. Statistics from univariate analysis: *p<0.05; 

**p<0.01; ***p<0.001. VIP scores above 1, complete figure in annexes. 



 

96 

 Results 

 

Figure 39. Metabolomic Ratio HFD-CTL and VIP scores plot derived from PLS-

DA analysis in male rats (CTL versus HFD) at nine weeks of the diet, based on 

urine NMR. Grey bars represent the ratio of metabolites in urine NMR with diet 

effect (positive bars: increased in HFD; negative bars: decreased in HFD). 

Black bars represent VIP scores. Statistics from univariate analysis: *p<0.05; 

**p<0.01; ***p<0.001. VIP scores above 1, complete figure in annexes. 
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5.1.4.4. Alterations in metabolic profile in male rats at twelve weeks 

of the diet, the end of the experiment (t4). 

PCA of serum, feces and urine were able to cluster the high-fat diet group 

and the control diet group based on alterations in metabolic profiles at the 

twelve weeks of the experiment (Figure 40).   

Serum metabolic alterations by the enriched fat and sucrose diet reflected 

increased fatty acids, acetoin, arginine, proline, and acetoacetate levels 

but reduced choline compounds, carnitine, trimethylamine-N-oxide, and 

NAC levels when compared to the control diet (Figure 41).   

The analysis of fecal samples showed a dysregulation between control 

and high-fat diet involving a huge part of the metabolome driven by 

higher levels of succinylacetone, acetoacetate, choline compounds, 

dimethylamine, sarcosine, amino acids (isoleucine, leucine, valine, 

aspartate, glutamate), and NAC, and lower levels of lactate, butyrate, 

methylguanidine, succinate, acetate, and fumarate when comparing to 

control diet (Figure 42). 

Urine metabolome, after 12 weeks of a high-fat diet, showed reduced 

levels of hippurate, histidine, 4-hydoxyphenylacetate, fumarate, anserine 

imidazol, aconitate, tyrosine, 2-oxoglutarate, kynureate, citrate, mannose 

myo-inositol, tryptophan, and formate, when compared to a control diet 

administration.  
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Figure 40. PCA scores plot based on the 1H NMR spectra of (A) serum, (B) feces 

and (C) urine from control (black cross) and HFD (grey square) rats on week 12 

of diet. PC = principal component. 
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Figure 41. Metabolomic Ratio HFD-CTL and VIP scores plot derived from PLS-

DA analysis in male rats (CTL versus HFD) at twelve weeks of the diet, based 

on serum NMR. Grey bars represent the ratio of metabolites in serum NMR with 

diet effect (positive bars: increased in HFD; negative bars: decreased in HFD). 

Black bars represent VIP scores. Statistics from univariate analysis: *p<0.05; 

**p<0.01; ***p<0.001. VIP scores above 1, complete figure in annexes. 
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Figure 42. Metabolomic Ratio HFD-CTL and VIP scores plot derived from PLS-

DA analysis in male rats (CTL versus HFD) at twelve weeks of the diet, based 

on feces NMR. Grey bars represent the ratio of metabolites in feces NMR with 

diet effect (positive bars: increased in HFD; negative bars: decreased in HFD). 

Black bars represent VIP scores. Statistics from univariate analysis: *p<0.05; 

**p<0.01; ***p<0.001. VIP scores above 1, complete figure in annexes. 
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Figure 43. Metabolomic Ratio HFD-CTL and VIP scores plot derived from PLS-

DA analysis in male rats (CTL versus HFD) at twelve weeks of the diet, based 

on urine NMR. Grey bars represent the ratio of metabolites in urine NMR with 

diet effect (positive bars: increased in HFD; negative bars: decreased in HFD). 

Black bars represent VIP scores. Statistics from univariate analysis: *p<0.05; 

**p<0.01; ***p<0.001. VIP scores above 1, complete figure in annexes. 
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The main metabolic pathways involved in the metabolome of circulating 

serum were related to the biosynthesis of phospholipids and 

phosphatidylcholine and fatty acid metabolism. The results are shown in 

the summary plot for quantitative enrichment analysis in Figure 44. 

 

Figure 44. Summary plot for Quantitative Enrichment Analysis with the 

principal pathways involved in the high-fat diet effect at twelve weeks of the diet 

in serum samples. 
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5.1.5. Effect of the high-fat diet at twelve weeks on the relationship 

between variables in male rats. Correlation analysis. 

The study of correlations was performed to evaluate the statistical 

relationship between the different variables measured. This analysis 

allowed us to visualize the overall correlations between different features 

and it was useful to discover positive and negative associations showed 

in Figure 45.  The image can be zoom-detailed in annexes. The statistical 

table values are in annexes. 

The systolic pressure has a negative correlation with the fecal microbial 

phylum TM7 and phylum Verrucomicrobia and with the circulating TNF-

α. Moreover, body weight has a negative correlation with lactate, acetate 

and serum microbial metabolites (butyrate and trimethylamines), fecal 

butyrate, and cholesterol and transaminases levels. 

 As expected, HDL cholesterol has a positive correlation with fatty acids 

(FACH2-CH and unsaturated FA). Moreover, fatty acids as unsaturated 

FA and FACH2-CH were positively correlated with sucrose, NACs, 

MCP-1 and HDL. 

 The inflammatory metabolism as NACs has a positive correlation with 

sucrose, fatty acids (FA-CH3, FACH2-CH and unsaturated FA), 

microbial metabolism (butyrate, trimethylamine and dimethylamine), 

BCAA (isoleucine and leucine) or TCA metabolism (alanine and 

pyruvate) and a negative correlation with BMI. Moreover, inflammatory 

cytokines as Il-b was negatively correlated with GOT transaminase, diet 

intake and diastolic pressure. 

 

 



 

104 

 Results 

 

Figure 45. Correlation heatmap showing the correlation effects between 

different features in the control diet group and the high-fat diet group. Including 

clinical parameters, fecal microbiota and serum circulating metabolism. 

Positive correlations in red and negative correlations in blue. 
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5.1.6. Temporal progression of the high-fat diet effects in male rats.  

The temporal study of the dietary intervention allowed us to observe the 

alterations that happened over time. Figure 46 shows the summary effect 

of the high-fat diet in the principal variables measured. 

The firsts changes that were observed at 3 weeks of the Hig-fat and 

sucrose diet was a disbalance of the microbiota and microbial metabolism 

(Figure 46, Figure 48). While serum trimethylamine, trimethylamine-N-

oxide and butyrate levels were slightly reduced when comparing to 

control fed rats, the excretion levels of fecal butyrate, propionate, and 

acetate were highly decreased. A shift of the number of the DGGE bands 

was also observed from this point when expressed as fold-change with 

respect to the basal point condition (Figure 46). The inflammatory 

component detected by NMR, NAC also resulted decreased at this point.  

Despite the reduction of the diet intake, an increase, although discrete, of 

the body weight was also observed after only 3 weeks of HFD  

accompanied by a serum increase of lipids levels. At this temporal point 

statistically also began to rise the diastolic, but not the systolic pressure 

which increased significantly after 12 weeks of exposure to the high-fat 

diet (Figure 46-51). 

The metabolism related to ATP balance showed an increase in creatines 

with statistical significance at nine weeks of a high-fat diet. Moreover, 

the metabolite of arginine showed a clear tendency to increase in high-fat 

diet across the longitudinal study, but with no statistical significance 

(Figure 52). Finally, the sugar metabolism showed an increase in fructose 

and mannose at nine weeks of a high-fat diet with statistical significance. 

(Figure 52). 
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Figure 46. Color box showing the effect of diet-time in different variables across 

a longitudinal study with a control diet and high-fat diet at several temporal 

points relativized by Fold-change.  Green colors mean the maximum differences 

with respect to initial time values and red colors mean the minimum differences 

with respect to initial time values. Values are expressed as means ± standard 

deviations. 

 

The following figures show the detailed effect of the high-fat diet in the 

different parameters in the longitudinal study. 
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Figure 47. Profile graphics showing the effect of diet-time in physiology 

variables across a longitudinal study with the control diet (dashed line) and the 

high-fat diet (black line) at several temporal points. Values are expressed as 

means ± standard deviations. Statistics analysis: *p<0.05; **p<0.01; 

***p<0.001. 
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Figure 48. Profile graphics showing the effect of diet-time in microbiota and 

host-microbial metabolism variables across a longitudinal study with the control 

diet (dashed line) and the high-fat diet (black line) at several temporal points in 

the fecal extract of the microbiome (DGGE) and circulating serum 

metabolomics. Values are expressed as means ± standard deviations. Statistics 

analysis: *p<0.05; **p<0.01; ***p<0.001. 
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Figure 49. Profile graphics showing the effect of diet-time in lipid metabolism 

variables across a longitudinal study with the control diet (dashed line) and the 

high-fat diet (black line) at several temporal points in circulating serum. Values 

are expressed as means ± standard deviations. Statistics analysis: *p<0.05; 

**p<0.01; ***p<0.001. 
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Figure 50. Profile graphics showing the effect of diet-time in BCAA and aromatic 

amino acid variables and inflammatory metabolism across a longitudinal study 

with the control diet (dashed line) and the high-fat diet (black line) at several 

temporal points in circulating serum. Values are expressed as means ± standard 

deviations. Statistics analysis: *p<0.05; **p<0.01; ***p<0.001. 
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Figure 51. Profile graphics showing the effect of diet-time in glycolysis and TCA 

metabolism variables across a longitudinal study with the control diet (dashed 

line) and the high-fat diet (black line) at several temporal points in circulating 

serum. Values are expressed as means ± standard deviations. Statistics analysis: 

*p<0.05; **p<0.01; ***p<0.001. 
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Figure 52. Profile graphics showing the effect of diet-time in ATP balance and 

sugar metabolism variables across a longitudinal study with the control diet 

(dashed line) and the high-fat diet (black line) at several temporal points in 

circulating serum. Values are expressed as means ± standard deviations. 

Statistics analysis: *p<0.05; **p<0.01; ***p<0.001. 
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The analysis of principal components of metabolome showed that the 

principal component associated with the high-fat diet perturbations was 

PC1 (chapter 5.1.4.). The following graphs show the oscillations of PC1 

scores over time in the metabolome of serum and fecal samples (Figure 

53) with some variables of interest as physiologic parameters (systolic 

pressure and body weight), DGGE bands, inflammatory metabolism 

(NACs) and fatty acids (FA-CH2n). The results showed the first 

alteration at three weeks of diet (t1), with a decrease in PC1 scores of 

serum and feces in a high-fat diet and a slight increase in fatty acids, body 

weight, systolic pressure and DGGE bands. Moreover, at nine weeks of 

diet (t3) there was another important alteration with an increase in PC1 

scores in serum, but a decrease in feces together with high levels of fatty 

acids, body weight, systolic pressure, DGGE bands and NACs in high-fat 

diet group compared with the control diet group. 

 

 

Figure 53. Effect diet-time in PC1 metabolome serum and feces related to 

physiological variables, DGGE microbiota, NACs inflammation and fatty acids 

across a longitudinal study with control diet and high-fat diet. 
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5.2. Influence of a high-fat and sucrose diet in adult female rats 

housed in conventional. The gender differences. 

5.2.1. Changes in clinical parameters. Signs of disease in female rats. 

In general, the high fat diet intervention in female rats showed smaller 

differences compared to the same experimental procedure in male rats. 

The clinical parameters showed an increase of the body weight and  BMI, 

despite the decrease in the diet intake in female rats under a high-fat diet. 

Besides, both systolic and diastolic pressure resulted increased at the end 

of the procedure. Other parameters as abdominal perimeter and body 

length showed an increasing trend but without reaching a statistical 

significance, in contrast to male rats. 

The biochemical analysis did not show statistically significant differences 

at normal values of glycemia, triglycerides, cholesterol, insulin nor C-

peptide (Table 5) or GPT. Surprisingly, GOT levels were decreased in the 

HFD group (Table 4). 

 

 

 

 

 

 



 

115 

 Results 

Table 4. Summary of physiological and biochemical parameters at twelve weeks 

of diet in female adult rats raised in conventional housing facilities. 

 F-CTL.C 

(n=8) 

F-HFD.C 

(n=8) 
p_value 

Body weight (g) 296,98 ± 18,80 326,41 ± 28,63 0,029 

Body weight gain (g) 28,51 ± 7,05 60,05 ± 20,75 0,001 

Diet intake (g) 5,27 ± 0,33 3,87 ± 0,36 < 0,001 

Systolic blood 

pressure (mmHg) 
99,37 ± 19,38 134,69 ± 15,40 0,004 

Diastolic blood 

pressure (mmHg) 
68,60 ± 18,35 92,00 ± 13,92 0,024 

Abdominal perimeter 

(cm) 
20,50 ± 0,76 21,13 ± 1,62 0,34 

Body length (cm) 23,13 ± 0,79 23,38 ± 1,27 0,645 

BMI 5,55 ± 0,20 5,98 ± 0,39 0,022 

Glycemia (mg/dl) 87,50 ± 6,37 95,75 ± 23,08 0,346 

Triglycerides (mg/dl) 58,32 ± 19,28 55,00 ± 24,01 0,771 

HDL Cholesterol 

(mg/ml) 
148,26 ± 30,17 132,05 ± 33,08 0,396 

VLDL Cholesterol 

(mg/ml) 
17,25 ± 5,09 12,75 ± 5,58 0,175 

Insulin (ng/ml) 1,09 ± 0,86 2,00  ± 0,94 0,082 

GOT/AST (mU/ml) 7,01 ± 2,86 3,95 ± 1,20 0,049 

GPT/ALT (mU/ml) 11,68 ± 4,63 9,67 ± 3,12 0,388 

Values are expressed as means ± standard deviations. 
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The histological analysis showed lipid vacuoles, but smaller than the 

observed in males with the same diet, inside the hepatocytes of the group 

with a high-fat and sucrose diet, compared to the group with a control diet 

(Figure 54 –A,B). Moreover, the total weight showed a trend to increase 

under a high-fat diet, but no statistical differences Figure 54 – C, as 

observed in males. 

       

Figure 54. Hepatic exploration showing the histology sections of 5 micras 

stained with H&E in control female rats (A) and high-fat diet female rats (B) and 

the comparative of liver weight (C). Bars express means and standard 

deviations. 

 

5.2.2. Modulation of inflammation. Circulating chemokines and liver 

genes expression in female rats. 

None of the serum circulating cytokines showed statistically significant 

differences between the different diets groups at female rats. TNF-α did 

not reach the detection limit of Milliplex (Table 5). Moreover, in general, 

the levels were smaller in all analytes measured in females, in comparison 

with males. 

As observed in males, the high-fat diet exposition, also increased the 

hepatic expression of the TLR4 and MyD88 genes in female rats when 

compared to the control group (Figure 55). 
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Table 5. Summary of serum cytokines circulating in female adult rats raised in 

conventional facilities at twelve weeks of the diet. 

Analyte  

(pg/ml) 
F-CTL.C 

(n=8) 

F-HFD.C 

(n=8) 
p_value 

IL-1β 30,36 ± 21,75 55,11 ± 25,98 0,066 

TNF-α No detectable No detectable - 

C_peptide 379 ± 244,55 629,5 ± 207,16 0,054 

leptin 1599,94 ± 1422,37 2544,71 ± 2101,13 0,321 

PYY 43,95 ± 31,78 54,11 ± 26,48 0,528 

Values are expressed as means ± standard deviations. 

 

 

Figure 55. Relative expression of TLR4 (A) and MyD88 (B) in female rats with 

control and high-fat diet at twelve weeks of the diet. Bars express the means of 

relative expression. 
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5.2.3. Modulation of gut microbiota in female rats. 

The study of the intestinal microbiota showed a modulation in the 

bacterial communities in fecal samples in the group of rats fed with a 

high-fat and sucrose diet, when compared to the controls. The specific 

changes at the phylums taxonomic level showed the influence of the diet 

(Figure 56-A). The Firmicutes/Bacteroidetes ratio between CTL and 

HFD group seemed to be increased, but without reaching a statistical 

significance, in contrast to that described into males (Figure 56–B). The 

analysis using the DGGE technique allowed us to identify different 

banding patterns between diets (Figure 56-C). Furthermore, Chao 1 

evidenced a decrease in the diversity in the HFD group (Figure 56-D).  

 

 

Figure 56. Microbiome alterations in female rats with control and high-fat diet 

at twelve weeks. (A) Gut bacterial communities sequencing, (B) 

Firmicutes/Bacteroidetes ratio, (C) DGGE bands (mean ± SD) and (D) 

Rarefaction curves based on Chao1 index.  
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5.2.4. Metabolism alterations in female rats. Metabolome analysis. 

As reported in the male rats diet experiment, the high-fat diet-induced 

alterations in the metabolic profile of serum, urine, and feces in females. 

The metabolome analysis through 1H-NMR of serial temporal points 

allowed us to explore also these time-dependent changes in the 

metabolome. The following chapters describe these variations.  

5.2.4.1. Alterations in metabolic profile in female rats at three weeks 

of diet (t1). 

The PCA performed with the metabolites of the fecal samples was the 

one which better clustered the female rats than were fed with high fat-diet 

from the ones fed with control diet with respect to the  PCA of serum, and 

urine metabolome (Figure 57). 

The calculated Ratio HFD-CTL showed some variations in the relative 

concentrations of metabolites between the two diets at the three weeks of 

the experiment. These alterations evidenced statistical differences with a 

decrease in the levels of lactate, methylguanidine, 3-

hydroxyphenilacetate, acetate, and arginine in feces excretion (Figure 

59). Besides, taurine, 1-methylnicotamide and sugars were incremented 

with statistical significance in the urine excreted (Figure 60). None of the 

serum metabolites showed statistically significant differences between 

groups (Figure 58).  
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Figure 57. PCA scores plot based on the 1H NMR spectra of (A) serum, (B) feces 

and (C) urine from control (black cross) and HFD (grey square) rats on week 3 

of diet. PC = principal component. 
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Figure 58. Metabolomic Ratio HFD-CTL and VIP scores plot derived from PLS-

DA analysis in female rats (CTL versus HFD) at three weeks of the diet, based 

on serum NMR. Grey bars represent the ratio of metabolites in serum NMR with 

diet effect (positive bars: increased in HFD; negative bars: decreased in HFD). 

Black bars represent VIP scores. Statistics from univariate analysis: *p<0.05; 

**p<0.01; ***p<0.001. VIP scores above 1, complete figure in annexes. 



 

122 

 Results 

 

Figure 59. Metabolomic Ratio HFD-CTL and VIP scores plot derived from PLS-

DA analysis in female rats (CTL versus HFD) at three weeks of the diet, based 

on feces NMR. Grey bars represent the ratio of metabolites in feces NMR with 

diet effect (positive bars: increased in HFD; negative bars: decreased in HFD). 

Black bars represent VIP scores. Statistics from univariate analysis: *p<0.05; 

**p<0.01; ***p<0.001. VIP scores above 1, complete figure in annexes. 
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Figure 60. Metabolomic Ratio HFD-CTL and VIP scores plot derived from PLS-

DA analysis in female rats (CTL versus HFD) at three weeks of the diet, based 

on urine NMR. Grey bars represent the ratio of metabolites in urine NMR with 

diet effect (positive bars: increased in HFD; negative bars: decreased in HFD). 

Black bars represent VIP scores. Statistics from univariate analysis: *p<0.05; 

**p<0.01; ***p<0.001. VIP scores above 1, complete figure in annexes. 
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5.2.4.2. Alterations in metabolic profile in female rats at six weeks of 

diet (t2). 

PCA analysis of the urine and fecal metabolome, but not serum, 

metabolome allowed a good clustering of the samples based on diet after 

six weeks of the experiment (Figure 61). 

The HFD Ratio showed variations in the relative concentrations of 

metabolites at the six weeks of the experiment. These alterations were 

related to serum circulating FA=CH2-CH, with statistical significance 

(Figure 62). Furthermore, the analysis of feces showed a statistically 

significant decrease in lactate, 3-hydroxyphenylacetate, acetate, 

methylguanidine, 3-hydroxybutyrate, phenylacetate, propylene glycol, 

threonine, butyrate, 3-hydroxymandelate, trimethylamine, caprate and 

some unknown regions (Figure 63). In addition, the analysis of urine 

showed a statistically significant increase of taurine, and 1-

methylnicotamide principally (Figure 64). 

 

Figure 61. PCA scores plot based on the 1H NMR spectra of (A) serum, (B) feces 

and (C) urine from control (black cross) and HFD (grey square) rats on week 6 

of diet. PC = principal component. 
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Figure 62. Metabolomic Ratio HFD-CTL and VIP scores plot derived from PLS-

DA analysis in female rats (CTL versus HFD) at six weeks of the diet, based on 

serum NMR. Grey bars represent the ratio of metabolites in serum NMR with 

diet effect (positive bars: increased in HFD; negative bars: decreased in HFD). 

Black bars represent VIP scores. Statistics from univariate analysis: *p<0.05; 

**p<0.01; ***p<0.001. VIP scores above 1, complete figure in annexes. 
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Figure 63. Metabolomic Ratio HFD-CTL and VIP scores plot derived from PLS-

DA analysis in female rats (CTL versus HFD) at six weeks of the diet, based on 

feces NMR. Grey bars represent the ratio of metabolites in feces NMR with diet 

effect (positive bars: increased in HFD; negative bars: decreased in HFD). 

Black bars represent VIP scores. Statistics from univariate analysis: *p<0.05; 

**p<0.01; ***p<0.001. VIP scores above 1, complete figure in annexes. 
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Figure 64. Metabolomic Ratio HFD-CTL and VIP scores plot derived from PLS-

DA analysis in female rats (CTL versus HFD) at six weeks of the diet, based on 

urine NMR. Grey bars represent the ratio of metabolites in urine NMR with diet 

effect (positive bars: increased in HFD; negative bars: decreased in HFD). 

Black bars represent VIP scores. Statistics from univariate analysis: *p<0.05; 

**p<0.01; ***p<0.001.VIP scores above 1, complete figure in annexes.  
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5.2.4.3. Alterations in metabolic profile in female rats at nine weeks 

of diet (t3). 

PCA of feces and urine revealed the alterations in metabolic profiles 

between the high-fat diet group and the control diet group at the nine 

weeks of the experiment (Figure 65).  The HFD Ratio showed variations 

in the relative concentrations of several metabolites at nine weeks of the 

experiment. The main metabolites affected included a statistical increase 

of glucose, proline, methionine, glutamate, succinate and phenylalanine 

in circulating serum in the HFD group (Figure 66). In addition, the fecal 

samples showed a decrease in acetate, lactate, 3-hydroxyphenylacetate, 

methylguanidine, acetoin, arginine, arabinose and xylose, and an increase 

in NACs and creatines (Figure 67). On the other hand, urine metabolome 

showed mainly differences in hippurate, 4-hydroxyphenylacetate, and 

fumarate, which were statistically decreased (Figure 68). 

 

Figure 65. PCA scores plot based on the 1H NMR spectra of (A) serum, (B) feces 

and (C) urine from control (black cross) and HFD (grey square) rats on week 9 

of diet. PC = principal component. 
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Figure 66. Metabolomic Ratio HFD-CTL and VIP scores plot derived from PLS-

DA analysis in female rats (CTL versus HFD) at nine weeks of the diet, based on 

serum NMR. Grey bars represent the ratio of metabolites in serum NMR with 

diet effect (positive bars: increased in HFD; negative bars: decreased in HFD). 

Black bars represent VIP scores. Statistics from univariate analysis: *p<0.05; 

**p<0.01; ***p<0.001. VIP scores above 1, complete figure in annexes. 
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Figure 67. Metabolomic Ratio HFD-CTL and VIP scores plot derived from PLS-

DA analysis in female rats (CTL versus HFD) at nine weeks of the diet, based on 

feces NMR. Grey bars represent the ratio of metabolites in feces NMR with diet 

effect (positive bars: increased in HFD; negative bars: decreased in HFD). 

Black bars represent VIP scores. Statistics from univariate analysis: *p<0.05; 

**p<0.01; ***p<0.001. VIP scores above 1, complete figure in annexes. 
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Figure 68. Metabolomic Ratio HFD-CTL and VIP scores plot derived from PLS-

DA analysis in female rats (CTL versus HFD) at nine weeks of the diet, based on 

urine NMR. Grey bars represent the ratio of metabolites in urine NMR with diet 

effect (positive bars: increased in HFD; negative bars: decreased in HFD). 

Black bars represent VIP scores. Statistics from univariate analysis: *p<0.05; 

**p<0.01; ***p<0.001. VIP scores above 1, complete figure in annexes. 
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5.2.4.4. Alterations in metabolic profile in female rats at twelve weeks 

of the diet (t4). 

The PCA plots from feces and urine, but not serum, showed a good 

segregation of the groups based on differences in metabolic profiles after 

twelve weeks of the experiment (Figure 69).  The HFD Ratio showed 

variations in the relative concentrations of several metabolites at twelve 

weeks of the experiment. In serum the most statistically significant 

variation was the increase in glycine (Figure 70). Furthermore, the fecal 

samples showed a decrease of 3-hydroxyphenylacetate, lactate, and 

acetate, statistically significant (Figure 71). Also, urine showed statistical 

significance with an increase in urea, sucrose, allantoin, creatines, 

glucose, 1-methylnicotamide, anserine, mannose, tryptophane, 2-

oxoglutarate, myo-inositol, cysteine, succynilacetone, ribose, NACs, 

methanol, acetoacetate, alanine, acetate, 3-hydroxybutyrate and sugars 

(Figure 72).  

 

Figure 69. PCA scores plot based on the 1H NMR spectra of (A) serum, (B) feces 

and (C) urine from control (black cross) and HFD (grey square) rats on week 

12 of diet. PC = principal component. 
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Figure 70. Metabolomic Ratio HFD-CTL and VIP scores plot derived from PLS-

DA analysis in female rats (CTL versus HFD) at twelve weeks of the diet, based 

on serum NMR. Grey bars represent the ratio of metabolites in serum NMR with 

diet effect (positive bars: increased in HFD; negative bars: decreased in HFD). 

Black bars represent VIP scores. Statistics from univariate analysis: *p<0.05; 

**p<0.01; ***p<0.001. VIP scores above 1, complete figure in annexes. 
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Figure 71. Metabolomic Ratio HFD-CTL and VIP scores plot derived from PLS-

DA analysis in female rats (CTL versus HFD) at twelve weeks of the diet, based 

on feces NMR. Grey bars represent the ratio of metabolites in feces NMR with 

diet effect (positive bars: increased in HFD; negative bars: decreased in HFD). 

Black bars represent VIP scores. Statistics from univariate analysis: *p<0.05; 

**p<0.01; ***p<0.001. VIP scores above 1, complete figure in annexes. 
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Figure 72. Metabolomic Ratio HFD-CTL and VIP scores plot derived from PLS-

DA analysis in female rats (CTL versus HFD) at twelve weeks of the diet, based 

on urine NMR. Grey bars represent the ratio of metabolites in urine NMR with 

diet effect (positive bars: increased in HFD; negative bars: decreased in HFD). 

Black bars represent VIP scores. Statistics from univariate analysis: *p<0.05; 

**p<0.01; ***p<0.001. VIP scores above 1, complete figure in annexes. 
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The main metabolic pathways involved in the metabolome of circulating 

serum were related to the biosynthesis of porphyrin metabolism, 

synthesis and degradation of ketone bodies, and primary bile acid 

biosynthesis (Figure 73). 

 

Figure 73. Summary plot for Quantitative Enrichment Analysis with the 

principal pathways involved in the high-fat diet effect at twelve weeks of the diet 

in serum samples. 
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5.2.5. Effect of the high-fat diet at twelve weeks on the relationship 

between variables in female rats. Correlation analysis. 

The study of correlations was performed to evaluate the statistical 

correlations between the different variables measured (Figure 74). 

The glycine the main metabolite altered in serum had a strong negative 

correlation with the diet intake and a positive correlation with the body 

weight and insulin levels. Furthermore, the glycemia was negatively 

correlated with most of the metabolome’s variables and triglycerides. In 

addition, all bacterial phylum were negatively correlated with body 

weight and cholesterol levels. 

Microbiota metabolites, fatty acids, amino acids, metabolites of 

glycolysis and the TCA cycle, and sugars had a strong positive correlation 

among themselves. However, the correlation between metabolome and 

microbiome’s variables was weak. 

The image can be zoom-detailed in annexes.  

 

 



 

138 

 Results 

 

Figure 74. Correlation heatmap showing the correlation effects between 

different features in the control diet group and the high-fat diet group. Including 

clinical parameters, fecal microbiota and serum circulating metabolism. 

Positive correlations in red and negative correlations in blue. 
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5.2.6. Temporal progression of the high-fat diet effects in females.  

The temporal study of the dietary reflected the effect of the high-fat diet 

in the different parameters, including physiological parameters, fecal 

microbiota and serum metabolism, in the longitudinal study. 

Unlike that described in male rats, the fatty diet did not seem to affect 

microbial diversity (no significant changes were observed in the DGGE 

band) throughout the 12 weeks of dietary intervention. However, the 

high-fat diet did produce an alteration of the microbial metabolism early 

in the course of the experiment (3 weeks), altering the levels of fecal 

excretion of butyrate and acetate (but not of propionate) (Figure 76). The 

serum levels of butyrate, as well as those of dimethylamines, 

trimethylamines, and trimethylamine oxide, were not affected. Moreover, 

the inflammatory component detected by NMR, NAC remained 

unaffected by the high-fat diet in female rats (Figure 78). 

Another important difference with respect to that described in males is 

that the high-fat diet did not produce blood fatty acids increase, even after 

12 weeks of intervention in female rats (Figure 77). In addition, female 

rats showed greater resistance than males to significant weight. Although 

body weight gain was statistically higher in rats fed a fatty diet from week 

6, body weight slightly increased significantly at week 12. Despite being 

a diet that favors a higher intake caloric intake, female rats, as well as 

males, reduced their intake at the beginning of the intervention (Figure 

75). As reported in male rats, diastolic pressure increased before systolic 

pressure (3 weeks vs 6 weeks) (Figure 75).  

Glycemia was only slightly increased at week 9 of diet supply but 

returned to baseline at week 12 (Figure 75).  

In general, the high-fat diet modified the metabolic profile of female rats 

to a lesser extent. Neither glycolysis nor the TCA cycle were altered 
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(Figure 79), nor were sugars in general (nor mannose in particular, as it 

happened in males) (Figure 80), nor amino acids were altered, except for 

glycine, which increased significantly in week 12. 

 

Figure 75. Profile graphics showing the effect of diet-time in physiology 

variables across a longitudinal study with the control diet (dashed line) and the 

high-fat diet (black line) at several temporal points. Values are expressed as 

means ± standard deviations. Statistics analysis: *p<0.05; **p<0.01; 

***p<0.001. 
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Figure 76. Profile graphics showing the effect of diet-time in microbiota and 

host-microbial metabolism variables across a longitudinal study with the control 

diet (dashed line) and the high-fat diet (black line) at several temporal points in 

the fecal extract of the microbiome (DGGE) and circulating serum 

metabolomics. Values are expressed as means ± standard deviations. Statistics 

analysis: *p<0.05; **p<0.01; ***p<0.001. 
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Figure 77. Profile graphics showing the effect of diet-time in lipid metabolism 

variables across a longitudinal study with the control diet (dashed line) and the 

high-fat diet (black line) at several temporal points in circulating serum. Values 

are expressed as means ± standard deviations. Statistics analysis: *p<0.05; 

**p<0.01; ***p<0.001. 
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Figure 78. Profile graphics showing the effect of diet-time in BCAA and aromatic 

amino acid variables and inflammatory metabolism across a longitudinal study 

with the control diet (dashed line) and the high-fat diet (black line) at several 

temporal points in circulating serum. Values are expressed as means ± standard 

deviations. Statistics analysis: *p<0.05; **p<0.01; ***p<0.001. 



 

144 

 Results 

 

Figure 79. Profile graphics showing the effect of diet-time in glycolysis and TCA 

metabolism variables across a longitudinal study with the control diet (dashed 

line) and the high-fat diet (black line) at several temporal points in circulating 

serum. Values are expressed as means ± standard deviations. Statistics analysis: 

*p<0.05; **p<0.01; ***p<0.001. 
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Figure 80. Profile graphics showing the effect of diet-time in ATP balance and 

sugar metabolism variables across a longitudinal study with the control diet 

(dashed line) and the high-fat diet (black line) at several temporal points in 

circulating serum. Values are expressed as means ± standard deviations. 

Statistics analysis: *p<0.05; **p<0.01; ***p<0.001. 



 

146 

 Results 

As signalled previously in male rats, the analysis of principal components 

of females’ metabolome was focused on PC1. The following graph shows 

the oscillations of PC1 scores over time in the metabolome of serum and 

fecal samples (Figure 81) with some variables of interest as physiologic 

parameters, DGGE bands, inflammatory metabolism, and fatty acids. The 

results showed the first alteration at three weeks of diet (t1), with a 

decrease in PC1 scores of serum and contrary to males an increase in 

feces in a high-fat diet. It was shown a slight increase in systolic pressure 

too, but the fatty acids and body weight did not experiment with great 

variations. Also, the NACs and the DGGE bands exposed an increase in 

the control diet with respect to a high-fat diet. Moreover, at nine weeks 

of diet (t3) there was another important alteration with an increase in PC1 

scores in serum, followed by an increase in feces in opposition to males. 

The systolic pressure and body weight revealed a slight progressive 

increase in a high-fat diet. The rest of the variables did not show important 

changes. 

 

 
Figure 81. Effect diet-time in PC1 metabolome serum and feces related to 

physiological variables, DGGE microbiota, NACs inflammation, and fatty acids 

across a longitudinal study with control diet and high-fat diet in females. 
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5.3. Influence of a high-fat and sucrose diet in adult male rats housed 

in SPF facilities. The environmental differences. 

5.3.1. Changes in clinical parameters. Signs of disease in male rats in 

a more controlled atmosphere. 

In comparison with male rats fed with high fat and sucrose diet housed in 

conventional facilities, SPF housed rats with the same diet exhibited 

slighter alterations of the cardiometabolic parameters. 

Male rats fed with a high-fat diet in an SPF environment showed an 

increase of body weight gain, and abdominal perimeter, but a decrease in 

diet intake. Parameters as body weight, and BMI showed a slightly 

increasing trend but without reaching a statistical significance. The 

arterial pressure and body length did not show statistical differences, in 

contrast with that reported in male rats housed in conventional facilities 

(Table 6). 

Biochemical analysis showed a statistically significant increase in VLDL 

values and an increasing trend in triglycerides, but a decreasing trend in 

HDL levels in rats fed with a high-fat diet with no statistical differences 

(Table 6). 

Glycemia, insulin (Table 6), and C-peptide (Table 7) remained 

unchanged after the high-fat diet intervention. 
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Table 6. Summary of physiological and biochemical parameters at twelve weeks 

of diet in male adult rats raised in SPF facilities. 

 M-CTL.S 

(n=8) 

M-HFD.S 

(n=8) 
p_value 

Body weight (g) 651,63 ± 54,74 707,63 ± 64,73 0,083 

Body weight gain (g) 170,75 ± 31,64 256,63 ± 45,75 < 0,001 

Diet intake (g) 4,01 ± 0,37 3,28 ± 0,29 < 0,001 

Systolic blood 

pressure (mmHg) 
121,22 ± 25,95 114,61 ± 5,12 0,491 

Diastolic blood 

pressure (mmHg) 
86,37 ± 22,20 74,87 ± 5,84 0,180 

Abdominal perimeter 

(cm) 
24,25 ± 0,85 26,00 ± 1,44 0,010 

BMI 9,22 ± 0,43 9,60 ± 0,52 0,066 

Liver weight (g) 18,75 ± 2,60 21,00 ± 3,16 0,143 

Glycemia (mg/dl) 90,00 ± 10,30 94,00 ± 9,58 0,450 

Triglycerides (mg/dl) 95,83 ± 31,34 122,06 ± 22,76 0,076 

HDL Cholesterol 

(mg/ml) 
127,17 ± 16,83 101,39 ± 44,69 0,149 

VLDL Cholesterol 

(mg/ml) 
13,93 ± 3,34 25,21 ± 13,52 0,038 

Insulin (ng/ml) 5,06 ± 1,37 4,06 ± 1,42 0,173 

GOT/AST (mU/ml) 28,10 ± 5,33 17,65 ± 3,97 0,001 

GPT/ALT (mU/ml) 14,36 ± 6,44 12,76 ± 8,92 0,688 

Values are expressed as means ± standard deviations. 
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5.3.2. Modulation of inflammation. Circulating chemokines and liver 

genes expression in male rats in SPF conditions. 

Contrary to male rats in conventional housed facilities, none of the serum 

circulating cytokines were altered in male rats with a high-fat diet in an 

SPF environment. The IL-6 did not reach the detection limit of Milliplex 

(Table 7). 

Table 7. Summary of serum cytokines circulating in male adult rats in SPF at 

twelve weeks of the diet. 

Analyte  

(pg/ml) 
M-CTL.C 

(n=8) 

M-HFD.C 

(n=8) 
p_value 

IL-1β 62,21 ± 65,28 61,98 ± 40,61 0,993 

TNF-α No detectable No detectable - 

C_peptide 716,94 ± 131,69 842,38 ± 301,09 0,299 

leptin 4377,5 ± 4107,18 6951,25 ± 5719,05 0,319 

PYY 73,34 ± 78,76 73,07 ± 40,89 0,993 

MCP-1 
(n=5) 

383,91 ± 77,14 390,2 ± 111,07 0,919 

PAI-1t (n=5) 64,05 ± 95,54 19,48 ± 7,28 0,389 

IL-6 (n=5) No detectable No detectable - 

Values are expressed as means ± standard deviations. 

The expression of the TLR4 gene measured by Real-Time PCR analysis 

resulted increased in male rats with a high-fat diet in SPF, as well as 

observed in the conventional housed animals at the same experimental 

condition. However, the MyD88 gene was decreased in male rats with a 

high-fat diet in SPF, contrary to what was observed in males housed in 

conventional facilities (Figure 82). 
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Figure 82. Relative expression of TLR4 (A) and MyD88 (B) in male rats with 

control and high-fat diet at twelve weeks of the diet in SPF. Bars express the 

means of relative expression. 

 

5.3.3. Modulation of gut microbiota in male rats. 

The study of the high-fat diet administered to male rats in SPF housed 

condition also induced the intestinal microbiota modulation.  Specific 

changes at the phylum taxonomic level were observed, with reduced 

Verruomicrobacteria and increased TM, Protobacteria phyla with 

respect to the conventional housed group (Figure 83- A) were observed 

by Sequencing. Moreover, as it happened in male rats housed in 

conventional a statistically significant increase in the 

Firmicutes/Bacteroidetes ratio was observed between CTL and HFD 

group in SPF,  (Figure 83–B). Chao 1 index  revealed an even greater 

reduction in diversity than that observed in conventionally housed males 

when a high-fat diet was administered to SPF-housed male rats (Figure 

83-D). These data were also corroborated by the DGGE analysis in which 

a reduced number and a different banding pattern was observed (Figure 

83-C). 
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Figure 83. Microbiome alterations in male rats with control and high-fat diet at 

twelve weeks. (A) Gut bacterial communities sequencing, (B) 

Firmicutes/Bacteroidetes ratio, (C) DGGE bands (mean ± SD) and (D) 

Rarefaction curves based on Chao1 index. 

 

5.3.4. Metabolism alterations in male rats. Metabolome analysis. 

As with the male rats diet experiment in conventional, the high-fat diet-

induced alterations in the metabolic profile of serum, urine, and feces in 

males in SPF. The metabolome analysis through 1H-NMR of serial 

temporal points allowed us to explore also these time-dependent changes 

in the metabolome. The following chapters describe these variations. 
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5.3.4.1. Alterations in metabolic profile in male rats at three weeks of 

diet (t1) in SPF conditions. 

PCA of serum and fecal samples revealed that the high-fat diet group 

experimented with some metabolically differences at the three weeks of 

the experiment in SPF males, as well as conventional males. The graphics 

showed the spontaneous organizations between groups (Figure 84). The 

urine samples were insufficient.  

The HFD Ratio showed variations in the relative concentrations of 

metabolites at the three weeks of the experiment. These alterations were 

related to an increase in serum circulating betaine, with statistical 

significance (Figure 85). Moreover, the analysis of feces showed a 

decrease in lactate, methylguanidine, 3-hydroxymandelate, and  SCFAs 

(acetate, propionate, butyrate) and 3-hydroxyphenylacetate, but the 

increase of branched amino acids (valine, leucine, and isoleucine) and 

glycine (Figure 86). 

 

Figure 84. PCA scores plot based on the 1H NMR spectra of (A) serum and (B) 

feces from control (black cross) and HFD (grey square) rats on week 3 of diet. 

PC = principal component. 
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Figure 85. Metabolomic Ratio HFD-CTL and VIP scores plot derived from PLS-

DA analysis in male rats in SPF (CTL versus HFD) at three weeks of the diet, 

based on serum NMR. Grey bars represent the ratio of metabolites in serum 

NMR with diet effect (positive bars: increased in HFD; negative bars: decreased 

in HFD). Black bars represent VIP scores. Statistics from univariate analysis: 

*p<0.05; **p<0.01; ***p<0.001. VIP scores above 1, complete figure in 

annexes. 
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Figure 86. Metabolomic Ratio HFD-CTL and VIP scores plot derived from PLS-

DA analysis in male rats in SPF (CTL versus HFD) at three weeks of the diet, 

based on feces NMR. Grey bars represent the ratio of metabolites in feces NMR 

with diet effect (positive bars: increased in HFD; negative bars: decreased in 

HFD). Black bars represent VIP scores. Statistics from univariate analysis: 

*p<0.05; **p<0.01; ***p<0.001. VIP scores above 1, complete figure in 

annexes. 
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5.3.4.2. Alterations in metabolic profile in male rats at six weeks of 

diet (t2) in SPF conditions. 

PCA of serum, and especially fecal samples metabolome revealed that 

the high-fat diet induced metabolic profile alterations in SPF housed male 

rat, compared with the control diet group after six weeks of intake (Figure 

87). 

 

Figure 87. PCA scores plot based on the 1H NMR spectra of (A) serum and (B) 

feces from control (black cross) and HFD (grey square) rats on week 6 of diet. 

PC = principal component. 

The HFD Ratio showed variations in the relative concentrations of 

metabolites at the six weeks of the experiment. These alterations were 

driven by a decrease in trimethylamine n-oxide, o-phosphocholine, 

carnitine, dimethylamine, choline, lactate, fructose, 3-methyl-2-

oxovalerate, acetate, isovalerate, 3-hydroxyisobutyrate, butyrate, 3-

aminoisobutyrate, isobutyrate, alanine and glutamine in circulating 

serum, with statistical significance (Figure 88).  

Furthermore, the feces analysis reported a statistically significant 

decrease in microbiota metabolites (acetate, propionate, 3-

hydroxyphenylacetate, trimethylamine, phenylacetate, methanol, 
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butyrate, caprate, propylene glycol, 3-hydroxybutyrate, ethanol, acetoin), 

nicotinate, isovalerate, xylose, 3-hydroxymandelate, mannose, 

methylguanidine, adenine, lactate, uracil, kynurenine, hypoxanthine, 

glutamine, xanthine, arginine, glucose, n,n-dimethylglycine, cytosine, 

threonine, ribose, glutamate, o-acetylcarnitine, proline, and lysine (Figure 

89).  

 

Figure 88. Metabolomic Ratio HFD-CTL and VIP scores plot derived from PLS-

DA analysis in male rats in SPF (CTL versus HFD) at six weeks of the diet, based 

on serum NMR. Grey bars represent the ratio of metabolites in serum NMR with 

diet effect (positive bars: increased in HFD; negative bars: decreased in HFD). 

Black bars represent VIP scores. Statistics from univariate analysis: *p<0.05; 

**p<0.01; ***p<0.001. VIP scores above 1, complete figure in annexes. 
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Figure 89. Metabolomic Ratio HFD-CTL and VIP scores plot derived from PLS-

DA analysis in male rats in SPF (CTL versus HFD) at six weeks of the diet, based 

on feces NMR. Grey bars represent the ratio of metabolites in feces NMR with 

diet effect (positive bars: increased in HFD; negative bars:decreased in 

HFD).Black bars represent VIP scores. Statistics from univariate analysis: 

*p<0.05; **p<0.01; ***p<0.001. VIP scores above 1, complete figure in 

annexes. 
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5.3.4.3. Alterations in metabolic profile in male rats at nine weeks of 

diet (t3) in SPF conditions. 

The two-dimension PCA score plots of feces metabolic profiles, but not 

serum revealed separation trends and group clustering based on 1H-NMR 

spectra of the HFD and Control groups after nine weeks of the experiment 

in SPF conditions (Figure 90 - 91). 

The HFD Ratio indicated some variations in the relative concentrations 

of several metabolites at nine weeks of the experiment in feces. The main 

metabolites affected included a decrease in 3-hydroxyphenylacetate, 

methylguanidine, acetate, 3-hydroxymandelate, glutamine, fumarate, 

phenylacetate, lactate, glucose, ribose, hypoxanthine, xylose, uracil, 

fructose, trimethylamine, propionate, butyrate, glycerol, kynurenine, n,n-

dimethylglycine, pyruvate, mannose, xanthine, methanol, glutamate, 

acetoin, methylamine, alanine, o-acetylcarnitine, and sugars with 

statistical differences in the HFD group (Figure 92).   

 

Figure 90. PCA scores plot based on the 1H NMR spectra of (A) serum and (B) 

feces from control (black cross) and HFD (grey square) rats on week 9 of diet. 

PC = principal component. 
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Figure 91. Metabolomic Ratio HFD-CTL and VIP scores plot derived from PLS-

DA analysis in male rats in SPF (CTL versus HFD) at nine weeks of the diet, 

based on serum NMR. Grey bars represent the ratio of metabolites in serum 

NMR with diet effect (positive bars: increased in HFD; negative bars: decreased 

in HFD). Black bars represent VIP scores. Statistics from univariate analysis: 

*p<0.05; **p<0.01; ***p<0.001. VIP scores above 1, complete figure in 

annexes. 
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Figure 92. Metabolomic Ratio HFD-CTL and VIP scores plot derived from PLS-

DA analysis in male rats in SPF (CTL versus HFD) at nine weeks of the diet, 

based on feces NMR. Grey bars represent the ratio of metabolites in feces NMR 

with diet effect (positive bars: increased in HFD; negative bars: decreased in 

HFD). Black bars represent VIP scores. Statistics from univariate analysis: 

*p<0.05; **p<0.01; ***p<0.001. VIP scores above 1, complete figure in 

annexes. 
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5.3.4.4. Alterations in metabolic profile in male rats at twelve weeks 

of the diet, the end of the experiment (t4) in SPF conditions. 

The two-dimension PCA score plots based on 1H-NMR feces and serum, 

but not urine, spectra revealed separation trends and group clustering at 

the twelve weeks of the experiment in SPF males (Figure 93 - 96). 

The HFD Ratio showed the variations in the relative concentrations of 

several metabolites at twelve weeks of the experiment. These variances 

had statistical significance in an increase in an unknown region in 

circulating serum (Figure 94). Furthermore, the fecal samples showed 

statistical significance mainly in a decrease in acetate, and a increased in 

leucine and valine (Figure 95).  

 

Figure 93. PCA scores plot based on the 1H NMR spectra of (A) serum, (B) feces 

and (C) urine from control (black cross) and HFD (grey square) rats on week 

12 of diet. PC = principal component. 
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Figure 94. Metabolomic Ratio HFD-CTL and VIP scores plot derived from PLS-

DA analysis in male rats in SPF (CTL versus HFD) at twelve weeks of the diet, 

based on serum NMR. Grey bars represent the ratio of metabolites in serum 

NMR with diet effect (positive bars: increased in HFD; negative bars: decreased 

in HFD). Black bars represent VIP scores. Statistics from univariate analysis: 

*p<0.05; **p<0.01; ***p<0.001. VIP scores above 1, complete figure in 

annexes. 
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Figure 95. Metabolomic Ratio HFD-CTL and VIP scores plot derived from PLS-

DA analysis in male rats in SPF (CTL versus HFD) at twelve weeks of the diet, 

based on feces NMR. Grey bars represent the ratio of metabolites in feces NMR 

with diet effect (positive bars: increased in HFD; negative bars: decreased in 

HFD). Black bars represent VIP scores. Statistics from univariate analysis: 

*p<0.05; **p<0.01; ***p<0.001. VIP scores above 1, complete figure in 

annexes. 
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Figure 96. Metabolomic Ratio HFD-CTL and VIP scores plot derived from PLS-

DA analysis in male rats in SPF (CTL versus HFD) at twelve weeks of the diet, 

based on urine NMR. Grey bars represent the ratio of metabolites in urine NMR 

with diet effect (positive bars: increased in HFD; negative bars: decreased in 

HFD). Black bars represent VIP scores. Statistics from univariate analysis: 

*p<0.05; **p<0.01; ***p<0.001. VIP scores above 1, complete figure in 

annexes. 
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The main metabolic pathways involved in the metabolome of circulating 

serum were related to the metabolism of glycerophospholipids, 

phosphonate or pyruvate among others. The results are shown in the 

summary plot for quantitative enrichment analysis in Figure 97. 

 

Figure 97. Summary plot for Quantitative Enrichment Analysis with the 

principal pathways involved in the high-fat diet effect at twelve weeks of the diet 

in serum samples. 
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5.3.5. Effect of the high-fat diet at twelve weeks on the relationship 

between variables in male rats in SPF conditions. Correlation 

analysis. 

The study of correlations was performed to evaluate the statistical 

correlations between the biochemical and clinical parameters, 

microbiome and metabolome. 

The principal associations involved in Figure 98 are detailed below. 

The glycemia was negatively correlated with lactate and glycine. On the 

other hand, the diet intake had a strong negative correlation with PYY, 

IL-1β, and VLDL. Moreover, it correlated negatively with the clinical 

parameters. In addition, the Kcal intake correlated negatively with HDL 

and GOT levels and phylum TM7. The arterial pressure, both, systolic 

and diastolic were correlated negatively with GOT levels and fecal 

acetate.  

In general, all of the metabolome variables had a strong positive 

correlation among themselves. Simultaneously, all of the microbiome 

variables were strongly correlated positively among themselves, as well 

as in groups of previous experiments. However, the correlation between 

metabolome and microbiome variables was not important. 

The statistical table values are in annexes. The image can be zoom-

detailed in annexes. 
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Figure 98. Correlation heatmap showing the correlation effects between 

different features in the control diet group and the high-fat diet group of males 

in SPF. Including clinical parameters, fecal microbiota and serum circulating 

metabolism. Positive correlations in red and negative correlations in blue. 
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5.3.6. Temporal progression of the high-fat diet effects in SPF males.  

In this experiment, the measurement of blood pressure and blood glucose 

could not be carried out at all time points due to the impossibility to 

transport the glucometer or the blood pressure tail-cuff into the SPF zone 

according to the intern regulations of the University of Valencia Animal 

Facility. 

The firsts detectable changes after dietary intervention in male rats 

housed in a SPF zone were in microbial metabolism, specifically the 

decrease in fecal butyrate, propionate and acetate levels (Figure 100). 

Changes in serum microbial metabolites (reduction of trimethylamines, 

trimethylamine oxide and butyrate) were not detected until 6 weeks of 

diet administration, coinciding with the decrease in the band pattern in 

the DGGE analysis (Figure 100). At this time point, the acetate, alanine 

and lactate values get also decreased, although they recovered their initial 

values at the following time points (Figure 103).  

A great difference with respect to male rats housed in a conventional 

zone, was that the high-fat diet did not induce the alteration of the lipid 

(Figure 101), amino acids (Figure 102), or sugars (only a slight decrease 

in fructose levels at time 2) profile (Figure 104), nor did modify NAC in 

rats housed in SPF (Figure 102). Moreover, the fat diet induced an 

increase in weight gain compared to the initial time which was not 

translated into a significant difference in body weight of the rats housed 

in SPF (Figure 99), unlike the huge body weight increase that occurred in 

the rats housed in the conventional zone. 
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Figure 99. Profile graphics showing the effect of diet-time in physiology 

variables across a longitudinal study with the control diet (dashed line) and the 

high-fat diet (black line) at several temporal points in SPF males. Values are 

expressed as means ± standard deviations. Statistics analysis: *p<0.05; 

**p<0.01; ***p<0.001. 
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Figure 100. Profile graphics showing the effect of diet-time in microbiota and 

host-microbial metabolism variables across a longitudinal study with the control 

diet (dashed line) and the high-fat diet (black line) at several temporal points in 

the fecal extract of the microbiome (DGGE) and circulating serum metabolomics 

in SPF males. Values are expressed as means ± standard deviations. Statistics 

analysis: *p<0.05; **p<0.01; ***p<0.001. 
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Figure 101. Profile graphics showing the effect of diet-time in lipid metabolism 

variables across a longitudinal study with the control diet (dashed line) and the 

high-fat diet (black line) at several temporal points in circulating serum in SPF 

males. Values are expressed as means ± standard deviations. Statistics analysis: 

*p<0.05; **p<0.01; ***p<0.001. 
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Figure 102. Profile graphics showing the effect of diet-time in BCAA and 

aromatic amino acid variables and inflammatory metabolism across a 

longitudinal study with the control diet (dashed line) and the high-fat diet (black 

line) at several temporal points in circulating serum in SPF males. Values are 

expressed as means ± standard deviations. Statistics analysis: *p<0.05; 

**p<0.01; ***p<0.001. 
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Figure 103. Profile graphics showing the effect of diet-time in glycolysis and 

TCA metabolism variables across a longitudinal study with the control diet 

(dashed line) and the high-fat diet (black line) at several temporal points in 

circulating serum in SPF males. Values are expressed as means ± standard 

deviations. Statistics analysis: *p<0.05; **p<0.01; ***p<0.001. 
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Figure 104. Profile graphics showing the effect of diet-time in ATP balance and 

sugar metabolism variables across a longitudinal study with the control diet 

(dashed line) and the high-fat diet (black line) at several temporal points in 

circulating serum in SPF males. Values are expressed as means ± standard 

deviations. Statistics analysis: *p<0.05; **p<0.01; ***p<0.001. 
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The following graphs show the oscillations of PC1 scores over time in 

the metabolome of serum and fecal samples in SPF males (Figure 105) 

with some variables of interest as physiologic parameters, DGGE bands, 

inflammatory metabolism, and fatty acids, as a result of the analysis of 

principal components of the metabolome. The results showed the first 

important alteration at six weeks of diet (t2) contrary to conventional 

males whose remarkable alteration happened a t1. This perturbation 

produced a decrease in PC1 scores of serum and feces in a high-fat diet, 

as well as conventional males. At this time, it was shown a decrease in 

DGGE bands too in the high-fat diet group. Moreover, at nine weeks of 

diet (t3) there was an increase in PC1 scores in serum and feces, that is 

followed by a slight increase in DGGE bands, all in the high-fat diet 

group. At the endpoint (t4), it was produced a decrease in PC1 scores in 

serum and a big increase in feces in the high-fat diet group. 

 

Figure 105. Effect diet-time in PC1 metabolome serum and feces related to 

physiological variables, DGGE microbiota, NACs inflammation and fatty acids 

across a longitudinal study with control diet and high-fat diet in SPF males. 
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5.4. Influence of a high-fat and sucrose diet with a probiotics 

supplements in adult rats. The influence of microbiota modulation 

and gender differences. 

5.4.1. Changes in clinical parameters. Effect of probiotic treatment 

on the high-fat diet exposure.  

The supplementation of probiotics in a high-fat and sucrose diet in male 

rats significantly improved most of the clinical and biochemical 

parameters altered by the administration of a HFD. Specifically, the 

probiotics induced a significant reduction in weight gain, BMI and 

triglyceride levels compared to the animals that only received the fat diet. 

Likewise, blood glucose and C-peptide levels were also reduced. The 

probiotics added to the fatty diet reduced the increase in diastolic pressure 

observed in males fed with a fatty diet and a lower tendency to increase 

in systolic blood pressure was also observed, although without reaching 

statistical significance. However, the addition of probiotics favored the 

significant increase in insulin levels and the decrease in HDL levels 

compared to the control diet (Table 8). 

Unlike what was observed in males, the administration of probiotics 

together with the high-fat and sucrose diet did not improve the clinical 

nor biochemical variables of the female rats but even worsened them. The 

administration of probiotics in the females produced a significant increase 

in body and liver weight, not observed in the intervention with only a fat 

diet. In addition, similarly to males, probiotics favored a significant 

increase in insulin and C-peptide and a decrease in HDL with respect to 

control animals (Table 9). 
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Table 8. Summary of physiological and biochemical parameters at twelve weeks, 

in male adult rats under different diet conditions. 

 M-CTL.C 

(n=8) 

M-HFD.C 

(n=8) 

M-HFD.PB 

(n=8) 

Body weight (g) 633,13 ± 56,56 736,25 ± 93,37 * 642,66 ± 48,44 
%

 

Body weight 

gain (g) 
140,63 ± 18,84 230,38 ± 57,25 *** 175,90 ± 39,00 

# %
 

Diet intake (g) 3,80 ± 0,39 2,80 ± 0,32 *** 2,26 ± 0,12 ### %%% 

Systolic blood 

pressure 

(mmHg) 

107,12 ± 8,24 126,70 ± 8,98 *** 119,25 ± 10,39 # 

Diastolic blood 

pressure 

(mmHg) 

71,01 ± 9,09 97,10 ± 10,69 *** 87,42 ± 7,79 
## %

 

Abdominal 

perimeter (cm) 
23,44 ± 1,08 26,19 ± 1,65 ** 26,38 ± 1,27 

###
 

BMI 8,16 ± 0,55 8,57 ± 0,49 7,36 ± 0,51 # %%%
 

Liver weight (g) 18,50 ± 3,34 21,50 ± 4,14 18,38 ± 1,60 

Glycemia 

(mg/dl) 
86,13 ± 5,96 96,00 ± 7,98 * 86,38 ± 7,07 % 

Triglycerides 

(mg/dl) 
116,69  ± 29,76 154,22 ± 63,48 92,35 ± 23,39 

%
 

HDL 

Cholesterol 

(mg/ml) 

151,36 ± 42,24 98,80 ± 18,35 ** 93,74 ± 22,76 # 

VLDL 

Cholesterol 

(mg/ml) 

25,47 ± 6,24 17,96 ± 6,22 * 26,08 ± 5,70 % 

Insulin (ng/ml) 3,43 ± 1,31 4,71 ± 1,72 6,27 ± 2,18 ##
 

Values are expressed as means ± standard deviations.                         

Statistics analysis: CTL vs HFD: *p<0.05; **p<0.01; ***p<0.001. CTL vs 

HFD.PB: # p<0.05; ## p<0.01; ### p<0.001. HFD vs HFD.PB: % p<0.05; 

%% p<0.01; %%% p<0.001. 
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Table 9. Summary of physiological and biochemical parameters at twelve weeks, 

in female adult rats under different diet conditions. 

 F-CTL.C 

(n=8) 

F-HFD.C 

(n=8) 

F-HFD.PB 

(n=8) 

Body weight (g) 296,98 ± 18,80 326,41 ± 28,63 * 388,29 ± 36,72 ### %% 

Body weight 

gain (g) 
28,51 ± 7,05 60,05 ± 20,75 ** 84,54 ± 21,58 

### %
 

Diet intake (g) 5,27 ± 0,33 3,87 ± 0,36 *** 2,70 ± 0,35 
### %%%

 

Systolic blood 

pressure 

(mmHg) 

99,37 ± 19,38 134,69 ± 15,40 ** 126,28 ± 14,39
 #

 

Diastolic blood 

pressure 

(mmHg) 

68,60 ± 18,35 92,00 ± 13,92 * 87,75 ± 14,10 

Abdominal 

perimeter (cm) 
20,50 ± 0,76 21,13 ± 1,62 21,44 ± 1,05 

BMI 5,55 ± 0,20 5,98 ± 0,39 * 6,28 ± 0,58 
##

 

Liver weight (g) 7,38 ± 0,74 7,88 ± 0,83 10,63 ± 1,41 ### %%% 

Glycemia 

(mg/dl) 
87,50 ± 6,37 95,75 ± 23,08 96,38 ± 8,58

 #
 

Triglycerides 

(mg/dl) 
58,32 ± 19,28 55,00 ± 24,01 80,49 ± 32,70 

HDL 

Cholesterol 

(mg/ml) 

148,26 ± 30,17 132,05 ± 33,08 89,95 ± 20,85
 #

 

VLDL 

Cholesterol 

(mg/ml) 

17,25 ± 5,09 12,75 ± 5,58 13,64 ± 8,59 

Insulin (ng/ml) 1,09 ± 0,86 2,00  ± 0,94 2,94 ± 1,37
 ##

 

Values are expressed as means ± standard deviations.                         

Statistics analysis: CTL vs HFD: *p<0.05; **p<0.01; ***p<0.001. CTL vs 

HFD.PB: # p<0.05; ## p<0.01; ### p<0.001. HFD vs HFD.PB: % p<0.05; %% 

p<0.01; %%% p<0.001.   
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5.4.2. Modulation of inflammation. Circulating chemokines in male 

and female rats under the different conditions. 

The measurements of circulating cytokines showed a modulation in 

HFD.PB of IL-1β and PYY with no statistical differences. Moreover, the 

levels of leptin and C peptide were increased, with statistical differences 

in C peptide. The tendency was similar in males and females (Table 10 

and Table 11). 

Table 10. Summary of serum cytokines circulating in male adult rats under 

different diet conditions at twelve weeks. 

Analyte  

(pg/ml) 
M-CTL.C 

(n=8) 

M-HFD.C 

(n=8) 

M-HFD.PB 

(n=8) 

IL-1β 47,12 ± 36,90 90,47 ± 78,86 58,34 ± 61,73 

TNF-α 1,03 ± 0,19 1,65 ± 1,47 No detectable 

C_peptide 675,5 ± 213,80 1107,56 ± 321,18 ** 1033,81 ± 319,23 
#
 

leptin 3595,25 ± 1728,59 7517,19 ± 7730,4 8339,06 ± 12725,23 

PYY 49,34 ± 18,50 87,34 ± 70,99 76,26 ± 71,41 

Values are expressed as means ± standard deviations.                         

Statistics analysis: CTL vs HFD: *p<0.05; **p<0.01; ***p<0.001. CTL vs 

HFD.PB: # p<0.05; ## p<0.01; ### p<0.001. HFD vs HFD.PB: % p<0.05; %% 

p<0.01; %%% p<0.001.  

Table 11. Summary of serum cytokines circulating in female adult rats under 

different diet conditions at twelve weeks. 

Analyte  

(pg/ml) 
F-CTL.C 

(n=8) 

F-HFD.C 

(n=8) 

F-HFD.PB 

(n=8) 

IL-1β 30,36 ± 21,75 55,11 ± 25,98 32,72 ± 17,69 

TNF-α No detectable No detectable No detectable 

C_peptide 379 ± 244,55 629,5 ± 207,16 850,88 ± 476,06 
#
 

leptin 1599,94 ± 1422,37 2544,71 ± 2101,13 3008,19 ± 1907,93 

PYY 43,95 ± 31,78 54,11 ± 26,48 42,08 ± 24,17 

Values are expressed as means ± standard deviations.                         

Statistics analysis: CTL vs HFD: *p<0.05; **p<0.01; ***p<0.001. CTL vs 

HFD.PB: # p<0.05; ## p<0.01; ### p<0.001. HFD vs HFD.PB: % p<0.05; %% 

p<0.01; %%% p<0.001.  
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5.4.3. Modulation of gut microbiota under probiotics treatment in 

male and female rats. 

The study of the intestinal microbiota showed a modulation in the 

bacterial communities in fecal samples in the different groups under 

different conditions, both, in males and females in conventional. The 

analysis of the DGGE allowed us to visualize different banding patterns 

between the different conditions. These banding patterns exhibited visual 

differences between males and females under a high-fat diet with 

probiotics supplement groups. (Figure 106). 

 

 

Figure 106. Microbiome alterations in males (A) and females (B) under different 

diet conditions at twelve weeks. DGGE bands (mean ± SD). 
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5.4.4. Effect of probiotics in metabolism when administered with a 

high-fat diet in male and female rats. Metabolome analysis. 

5.4.4.1. Alterations in metabolic profile in male and female rats at 

three weeks of diet conditions (t1). 

In both males and females, the PCA constructed with the metabolites of 

the fecal samples was the one that better clustered the rats based on the 

diet, much better than the serum PCA. The urine samples were 

insufficient in males to perform the chemometric analysis. 

In males, PCA constructed with serum samples failed to spontaneously 

cluster the animals by diet.  However, fecal PCA revealed three distinct 

clusters (Control diet, High-fat diet and High-fat diet supplemented with 

probiotics). The HFD-PB metabolome resembled more to the HFD 

metabolome than to the CTL at 3 weeks of diet intervention (Figure 107). 

PLS-DA discriminating models showed creatines, isoleucine, o-

phosphocholine, leucine, or valine as the main metabolites involved in 

the males' discrimination (Figure 107- B). 

In females, only PCA constructed with fecal samples showed a separation 

of the groups by the experimental condition. The HFD-PB samples were 

overlapped with the HFD samples, indicating like in males that the HFD-

PB metabolome resembled more to the HFD metabolome than to the CTL 

at 3 weeks of diet intervention (Figure 108). PLS-DA discriminating 

models showed that the main metabolites involved in the females' 

discrimination were related to microbial metabolism as trimethylamine 

or butyrate (Figure 108 - B). 
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Figure 107. PCA scores plot and VIP score plot derived from PLS-DA analysis 

based on the 1H NMR spectra of (A) serum, and (B) feces from control (red) and 

HFD (green) and HFD.PB (blue) male rats on week 3 of diet. PC = principal 

component. 
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Figure 108. PCA scores plot and VIP score plot derived from PLS-DA analysis 

based on the 1H NMR spectra of (A) serum, (B) feces and (C) urine from control 

(pink) and HFD (purple) and HFD.PB (blue) female rats on week 3 of diet. PC 

= principal component. 
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5.4.4.2. Alterations in metabolic profile in male and female rats at 

six weeks of diet conditions (t2). 

In males, PCA constructed with serum samples failed to spontaneously 

cluster the animals by diet.  The HFD-PB samples were overlapped with 

the CTL samples, indicating a shift with respect to the previous time point 

of the fecal metabolome to resemble more to the CTL metabolome than 

to the HFD at 6 weeks of diet intervention. The urine samples were 

insufficient in males to perform the analysis (Figure 109).  

In females, both  PCA constructed with fecal and urine samples showed 

a separation of the groups by the experimental condition. The HFD-PB 

samples were in both cases overlapped with the HFD samples, indicating 

that, at 6 weeks of diet intervention, the HFD-PB metabolome resembled 

more to the HFD metabolome than to the CTL (Figure 110). 

PLS-DA discriminating models showed that the main fecal metabolites 

involved in these discriminations were related to o-acetylcarnitine, 

isoleucine, creatines or NACs, in males (Figure 109 – B). Meanwhile, in 

females, the principal metabolites were related to 3-hydroxybutyrate, o-

phosphocholine, trimethylamine, 3-aminoisobutyrate, or lactate among 

others (Figure 110 - B). 

The PLS-DA analysis of urine showed discrimination between groups in 

females, where the high-fat diet supplemented with probiotics group was 

similar to the high-fat diet group (Figure 110 - C). The main metabolites 

involved in this discrimination were succinylacetone, taurine or 

acetoacetate among others. 
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Figure 109. PCA scores plot and VIP score plot derived from PLS-DA analysis 

based on the 1H NMR spectra of (A) serum and (B) feces from control (red) and 

HFD (green) and HFD.PB (blue) male rats on week 6 of diet. PC = principal 

component. 

 

 



 

186 

 Results 

 

Figure 110. PCA scores plot and VIP score plot derived from PLS-DA analysis 

based on the 1H NMR spectra of (A) serum, (B) feces and (C) urine from control 

(pink) and HFD (purple) and HFD.PB (blue) female rats on week 6 of diet. PC 

= principal component. 
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5.4.4.3. Alterations in metabolic profile in male and female rats at 

nine weeks of diet conditions (t3). 

In males, PCA constructed with both serum and urine samples failed to 

spontaneously cluster the animals by diet. The PCA performed with the 

fecal 1HRMN spectra showed a separation of the three groups by the 

experimental condition. The HFD-PB samples were overlapped with the 

HFD samples, like in the temporal point 1, indicating a shift with respect 

to the previous time point of the fecal metabolome to resemble once more 

to the HFD metabolome than to the CTL at 9 weeks of diet intervention 

(Figure 111).  

In females, both  PCA constructed with fecal and urine samples showed 

a separation of the groups by the experimental condition. The HFD-PB 

samples were, similarly to the previous time points, in both cases 

overlapped with the HFD samples, indicating that, at 9 weeks of diet 

intervention, once again, the HFD-PB metabolome resembled more to the 

HFD metabolome than to the CTL (Figure 112). 

PLS-DA discriminating models showed that the main fecal metabolites 

involved in these discriminations were related to galactose, creatines, o-

acetylcarnitine or NACs, in males (Figure 111– B). Meanwhile, in 

females, the principal metabolites were related to o-phosphocholine, 

lactate, methionine, 3-hydroxyphenylalanine, creatines, or NACs (Figure 

112 - B). By contrast, the main urine metabolites in females were 

hippurate, 4-hydroxyphenylacetate, or methylhistidine. 
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Figure 111. PCA scores plot and VIP score plot derived from PLS-DA analysis 

based on the 1H NMR spectra of (A) serum, (B) feces and (C) urine from control 

(red) and HFD (green) and HFD.PB (blue) male rats on week 9 of diet. PC = 

principal component. 
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Figure 112. PCA scores plot and VIP score plot derived from PLS-DA analysis 

based on the 1H NMR spectra of (A) serum, (B) feces and (C) urine from control 

(pink) and HFD (purple) and HFD.PB (blue) femal rats on week 9 of diet. PC = 

principal component. 



 

190 

 Results 

5.4.4.4. Alterations in metabolic profile in male and female rats at 

the end of experiment (t4). 

In males, PCA constructed with both serum and urine samples failed to 

spontaneously cluster the animals by diet. The PCA performed with the 

fecal 1HRMN spectra showed a separation of the three groups by the 

experimental condition. The HFD-PB samples were overlapped with the 

HFD samples, indicating that the fecal metabolome resembled more to 

the HFD metabolome than to the CTL at 12 weeks of diet intervention 

(Figure 113).  

In females, PCA constructed with serum, fecal, and urine samples showed 

a separation of the groups by the experimental condition. The HFD-PB 

samples were, in all the cases, overlapped with the HFD samples, 

indicating that, at 12 weeks of diet intervention, once again, the HFD-PB 

metabolome resembled more to the HFD metabolome than to the CTL 

(Figure 114). 

PLS-DA discriminating models showed that the main fecal metabolites 

involved in these discriminations were related to NACs, succinylacetone, 

isoleucine or creatines, in males (Figure 113– B). Similarly, in females, 

the principal metabolites were related to NACs, or isoleucine (Figure 114 

- B). Moreover, the main urine metabolites in females were related to 2-

oxoglutarate, taurine, sucrose, or hippurate (Figure 114 - C). 
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Figure 113. PCA scores plot and VIP score plot derived from PLS-DA analysis 

based on the 1H NMR spectra of (A) serum, (B) feces and (C) urine from control 

(red) and HFD (green) and HFD.PB (blue) male rats on week 12 of diet. PC = 

principal component. 
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Figure 114. PCA scores plot and VIP score plot derived from PLS-DA analysis 

based on the 1H NMR spectra of (A) serum, (B) feces and (C) urine from control 

(pink) and HFD (purple) and HFD.PB (blue) female rats on week 12 of diet. PC 

= principal component. 
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5.4.6. Temporal progression of the probiotic supplementation effects 

in a high-fat diet, in male and female rats at twelve weeks. 

The supplementation of probiotics in a high-fat and sucrose diet in male 

rats significantly induced a significant reduction in weight gain when 

compared to HFD. However, probiotics did not produce any benefice by 

lowering the elevation of the systolic and diastolic blood pressure 

observed when animals were fed with HFD (Figure 115).  

The DGGE banding pattern was also affected from the beginning of 

probiotic supplementation. Decreased serum levels of dimethylamine and 

trimethylamine were also noted. Three weeks after administering the diet 

and the probiotic supplement, there was an decrease in fecal butyrate 

levels, however, it should be noted that, unlike in HFD, the levels of fecal 

acetate and propionate remained at levels similar to those observed when 

administering the control diet (Figure 116). Furthermore, at the first time 

point (3 weeks), the levels of branched amino acids, phenylalanine, 

tyrosine, and NAC decreased, even below the levels observed when 

administering a control diet (Figure 118). 

Moreover, it was observed as some lipids (FA-CH2n, FAB-CH2 or FA-

CH-CH2) experimented a decrease in the HFD.PB group in comparison 

with the HFD group (Figure 117). 

Probiotic supplementation when added to HFD also decreased the sugars 

such as fructose, sucrose, glucose, and mannose levels to the levels 

observed in animals fed with the control diet (Figure 120). 
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Figure 115. Profile graphics showing the effect of diet-time in physiology 

variables across a longitudinal study with the control diet (dashed line), the 

high-fat diet (black line) and high-fat diet with probiotics (dotted line) at several 

temporal points in males. Values are expressed as means ± standard deviations. 

Statistics analysis: CTL vs HFD: *p<0.05; **p<0.01; ***p<0.001. CTL vs 

HFD.PB: # p<0.05; ## p<0.01; ### p<0.001. HFD vs HFD.PB: % p<0.05; %% 

p<0.01; %%% p<0.001.  
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Figure 116. Profile graphics showing the effect of diet-time in microbiota and 

host-microbial metabolism variables across a longitudinal study with the control 

diet (dashed line) the high-fat diet (black line) and high-fat diet with probiotics 

(dotted line) at several temporal points in the fecal extract of the microbiome 

(DGGE) and circulating serum metabolomics in males. Values are expressed as 

means ± standard deviations. Statistics analysis: CTL vs HFD: *p<0.05; 

**p<0.01; ***p<0.001. CTL vs HFD.PB: # p<0.05; ## p<0.01; ### p<0.001. 

HFD vs HFD.PB: % p<0.05; %% p<0.01; %%% p<0.001.  
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Figure 117. Profile graphics showing the effect of diet-time in lipid metabolism 

variables across a longitudinal study with the control diet (dashed line) the high-

fat diet (black line) and high-fat diet with probiotics (dotted line) at several 

temporal points in circulating serum in males. Values are expressed as means ± 

standard deviations. Statistics analysis: CTL vs HFD: *p<0.05; **p<0.01; 

***p<0.001. CTL vs HFD.PB: # p<0.05; ## p<0.01; ### p<0.001. HFD vs 

HFD.PB: % p<0.05; %% p<0.01; %%% p<0.001.  
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Figure 118. Profile graphics showing the effect of diet-time in BCAA and 

aromatic amino acid variables and inflammatory metabolism across a 

longitudinal study with the control diet (dashed line) the high-fat diet (black line) 

and high-fat diet with probiotics (dotted line) at several temporal points in 

circulating serum in males. Values are expressed as means ± standard 

deviations. Statistics analysis: CTL vs HFD: *p<0.05; **p<0.01; ***p<0.001. 

CTL vs HFD.PB: # p<0.05; ## p<0.01; ### p<0.001. HFD vs HFD.PB: % 

p<0.05; %% p<0.01; %%% p<0.001.  
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Figure 119. Profile graphics showing the effect of diet-time in glycolysis and 

TCA metabolism variables across a longitudinal study with the control diet 

(dashed line) the high-fat diet (black line) and high-fat diet with probiotics 

(dotted line) at several temporal points in circulating serum in males. Values are 

expressed as means ± standard deviations. Statistics analysis: CTL vs HFD: 

*p<0.05; **p<0.01; ***p<0.001. CTL vs HFD.PB: # p<0.05; ## p<0.01; ### 

p<0.001. HFD vs HFD.PB: % p<0.05; %% p<0.01; %%% p<0.001.  
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Figure 120. Profile graphics showing the effect of diet-time in ATP balance and 

sugar metabolism variables across a longitudinal study with the control diet 

(dashed line) the high-fat diet (black line) and high-fat diet with probiotics 

(dotted line) at several temporal points in circulating serum in males. Values are 

expressed as means ± standard deviations. Statistics analysis: CTL vs HFD: 

*p<0.05; **p<0.01; ***p<0.001. CTL vs HFD.PB: # p<0.05; ## p<0.01; ### 

p<0.001. HFD vs HFD.PB: % p<0.05; %% p<0.01; %%% p<0.001.  
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The effect of the high-fat and sucrose diet combined with probiotic 

supplementation in females exhibited a tendency to modulate the systolic 

pressure, but contrary to males, the rest of the physiological parameters 

showed similar values in HFD.PB and HFD, even higher values in body 

weight in the combined high-fat diet and probiotics (Figure 121).  

Moreover, the microbiota did not show specific variations in the 

progression temporal on the HFD.PB group, contrasting with the results 

of the control and high-fat and sucrose diet groups (Figure 122).  

The lipid metabolism did not expose a modulation of the high-fat and 

sucrose diet effect with the probiotics supplementation, as it happened in 

males (Figure 123). 

The inflammatory metabolism of NAC showed statistical differences, but 

no modulation, only at the beginning of the experiment (Figure 124). 

The metabolism related to glycolysis and the TCA cycle showed clear 

differences between the HFD.PB group and the HFD and CTL group. 

These differences showed different variations in all metabolites 

concerning control and high-fat diet, at the beginning of the experiment, 

like the rest of the metabolism presented before in females. Moreover, it 

seemed to have modulation of the diet with the probiotics supplement at 

nine weeks of diet (Figure 125). 

The metabolism related to ATP balance showed slight modulation of the 

probiotics supplementation in the high-fat diet effect, with a decrease in 

glycine levels at end of the experiment (Figure 126). Finally, sugar 

metabolism showed different alterations in HFD.PB with differences 

between CTL and HFD (Figure 126).  
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Figure 121. Profile graphics showing the effect of diet-time in physiology 

variables across a longitudinal study with the control diet (dashed line), the 

high-fat diet (black line) and high-fat diet with probiotics (dotted line) at several 

temporal points in females. Values are expressed as means ± standard 

deviations. Statistics analysis: CTL vs HFD: *p<0.05; **p<0.01; ***p<0.001. 

CTL vs HFD.PB: # p<0.05; ## p<0.01; ### p<0.001. HFD vs HFD.PB: % 

p<0.05; %% p<0.01; %%% p<0.001.  
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Figure 122. Profile graphics showing the effect of diet-time in microbiota and 

host-microbial metabolism variables across a longitudinal study with the control 

diet (dashed line) the high-fat diet (black line) and high-fat diet with probiotics 

(dotted line) at several temporal points in the fecal extract of the microbiome 

(DGGE) and circulating serum metabolomics in females. Values are expressed 

as means ± standard deviations. Statistics analysis: CTL vs HFD: *p<0.05; 

**p<0.01; ***p<0.001. CTL vs HFD.PB: # p<0.05; ## p<0.01; ### p<0.001. 

HFD vs HFD.PB: % p<0.05; %% p<0.01; %%% p<0.001.  
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Figure 123. Profile graphics showing the effect of diet-time in lipid metabolism 

variables across a longitudinal study with the control diet (dashed line) the high-

fat diet (black line) and high-fat diet with probiotics (dotted line) at several 

temporal points in circulating serum in females. Values are expressed as means 

± standard deviations. Statistics analysis: CTL vs HFD: *p<0.05; **p<0.01; 

***p<0.001. CTL vs HFD.PB: # p<0.05; ## p<0.01; ### p<0.001. HFD vs 

HFD.PB: % p<0.05; %% p<0.01; %%% p<0.001.  
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Figure 124. Profile graphics showing the effect of diet-time in BCAA and 

aromatic amino acid variables and inflammatory metabolism across a 

longitudinal study with the control diet (dashed line) the high-fat diet (black line) 

and high-fat diet with probiotics (dotted line) at several temporal points in 

circulating serum in females. Values are expressed as means ± standard 

deviations. Statistics analysis: CTL vs HFD: *p<0.05; **p<0.01; ***p<0.001. 

CTL vs HFD.PB: # p<0.05; ## p<0.01; ### p<0.001. HFD vs HFD.PB: % 

p<0.05; %% p<0.01; %%% p<0.001.  
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Figure 125. Profile graphics showing the effect of diet-time in glycolysis and 

TCA metabolism variables across a longitudinal study with the control diet 

(dashed line) the high-fat diet (black line) and high-fat diet with probiotics 

(dotted line) at several temporal points in circulating serum in females. Values 

are expressed as means ± standard deviations. Statistics analysis: CTL vs HFD: 

*p<0.05; **p<0.01; ***p<0.001. CTL vs HFD.PB: # p<0.05; ## p<0.01; ### 

p<0.001. HFD vs HFD.PB: % p<0.05; %% p<0.01; %%% p<0.001.  
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Figure 126. Profile graphics showing the effect of diet-time in ATP balance and 

sugar metabolism variables across a longitudinal study with the control diet 

(dashed line) the high-fat diet (black line) and high-fat diet with probiotics 

(dotted line) at several temporal points in circulating serum in females. Values 

are expressed as means ± standard deviations. Statistics analysis: CTL vs HFD: 

*p<0.05; **p<0.01; ***p<0.001. CTL vs HFD.PB: # p<0.05; ## p<0.01; ### 

p<0.001. HFD vs HFD.PB: % p<0.05; %% p<0.01; %%% p<0.001.  
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5.5. Influence of a fecal microbiota transplantation in adult male 

rats housed in conventional. Fecal microbiota modulation as a pilot 

study. 

5.5.1. Changes in clinical parameters. Signs of disease in fecal 

transplantation males rats. 

None of the clinical parameters did show any statistically significant 

differences between the group transplanted with control fecal samples, 

and the group transplanted with high-fat fecal samples (Table 12).  

Table 12. Summary of physiological and biochemical parameters at nine weeks 

of progressive transplantation procedure in male adult rats raised in 

conventional housing. 

 M-FMT.CT 

(n=3) 

M-FMT.HF 

(n=5) 
p_value 

Body weight (g) 581,03 ± 4,67 568,84 ± 72,19 0,787 

Body weight gain (g) 111,03 ± 24,45 94,04 ± 33,30 0,476 

Diet intake (g) 4,75 ± 0,04 2,97 ± 1,22 0,051 

Systolic blood 

pressure (mmHg) 
106,47 ± 9,59 112,38 ± 6,59 0,335 

Diastolic blood 

pressure (mmHg) 
73,43 ± 6,84 88,58 ± 9,81 0,059 

Abdominal perimeter 

(cm) 
24,00 ± 1,00 24,20 ± 1,82 0,869 

BMI 8,40 ± 0,11 8,11 ± 0,64 0,236 

Liver weight (g) 16,33 ± 1,15 16,60 ± 3,36 0,901 

Glycemia (mg/dl) 99,00 ± 9,64 94,60 ± 8,96 0,537 
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Triglycerides (mg/dl) 72,55 ± 16,11 85,14 ± 18,55 0,37 

HDL Cholesterol 

(mg/ml) 
95,49 ± 21,13 104,68 ± 20,22 0,615 

VLDL Cholesterol 

(mg/ml) 
10,67 ± 6,30 15,63 ± 5,29 0,355 

Insulin (ng/ml) 3,26 ± 1,58 4,13 ± 2,13 0,567 

GOT/AST (mU/ml) 25,18 ± 6,95 30,63 ± 5,16 0,247 

GPT/ALT (mU/ml) 23,02 ± 8,17 16,63 ± 6,86 0,277 

Values are expressed as means ± standard deviations. 

 

 

5.5.2. Modulation of inflammation. Circulating chemokines and liver 

genes expression in fecal transplantation male rats. 

The measurements of circulating cytokines in serum did not express 

statistical significance differences at any analyte measured in both fecal 

microbiota transplant groups. Neither TNF- α nor IL-6 did not reach the 

detection limit of Milliplex.  

The Table 13 shows the mean values of the different analytes measured. 
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Table 13. Summary of serum cytokines circulating at nine weeks of progressive 

transplantation procedure in male adult rats raised in conventional housing. 

Analyte  

(pg/ml) 
M-FMT.CT 

(n=3) 

M-FMT.HF 

(n=5) 
p_value 

IL-1β 27,71 ± 14,40 22,88 ± 13,12 0,643 

TNF-α No detectable No detectable - 

C_peptide 677,33 ± 108,13 736,1 ± 205,45 0,669 

leptin 813,33 ± 164,17 2034,9 ± 1893,18 0,322 

PYY 29,19 ± 3,79 22,48 ± 11,57 0,379 

MCP-1 427,67 ± 82,82 584,21 ± 149,5 0,153 

PAI-1t  26,09 ± 4,89 26,49 ± 10,63 0,955 

IL-6  No detectable No detectable - 

Values are expressed as means ± standard deviations. 

The fecal transplantation of high-fat feces donor increased the expression 

of TLR4 gene but decreased the expression of MyD88 gene in male rats 

with high-fat feces transplanted compared to the fecal microbiota 

transplanted control group (Figure 127). 

    

Figure 127. Relative expression of TLR4 (A) and MyD88 (B) in male rats with 

control and high-fat fecal transplant at nine weeks of procedure. Bars express 

the means. 
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5.5.3. Modulation of gut microbiota in fecal transplantation male 

rats. 

The study of the intestinal microbiota, through the stool samples, showed 

that there was not changes in the microbial diversity, in the group of rats 

with the high-fat fecal transplant, with respect to the fecal transplant of 

controls. The specific bacterial communities at the phylum taxonomic 

level was also similar in both groups (Figure 128-A). In addition, The 

Firmicutes/Bacteroidetes ratio was also simiar between transplanted 

groups (Figure 128–B). Chao 1 index indicated a similar diversity 

between both groups (Figure 128-D), which was in concordance to the 

similar banding patterns observed by DGGE (Figure 128-C).  

 

Figure 128. Microbiome alterations in male rats with control and high-fat 

transplant at nine weeks. (A) Gut bacterial communities sequencing, (B) 

Firmicutes/Bacteroidetes ratio, (C) DGGE bands (mean ± SD) and (D) 

Rarefaction curves based on Chao1 index.  
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5.5.4. Metabolism alterations in fecal transplantation male rats. 

Metabolome analysis. 

Urine and fecal PCAs, but not serum, showed spontaneous clustering 

based on treatment administered only at week 9 but not at the previous 

time points. 

Relevant metabolites that contributed the most to the observed 

differences in the metabolic profile in fecal transplantation males at nine 

weeks were methylhistidine, nicotinate, cytosine, fructose, kynurenine, 

arabinose, tryptophan, succinate, glycerol and sugars in the fecal samples 

and acetate, propyleneglycol, 3-methyl-2-oxovalerate, citrate, isoleucine 

and dimethylamine in the urine samples. 
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Figure 129. PCA scores plot and VIP score plot derived from PLS-DA analysis 

based on the 1H NMR spectra of (A) serum, (B) feces and (C) FMT.CT (red) and 

FMT.HF (green) after 3 weeks of weekly transplantations. PC = principal 

component. 
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Figure 130. PCA scores plot and VIP score plot derived from PLS-DA analysis 

based on the 1H NMR spectra of (A) serum, (B) feces and (C) FMT.CT (red) and 

FMT.HF (green) after 6 weeks of weekly transplantations. PC = principal 

component. 
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Figure 131. PCA scores plot and VIP score plot derived from PLS-DA analysis 

based on the 1H NMR spectra of (A) serum, (B) feces and (C) FMT.CT (red) and 

FMT.HF (green) after 9 weeks of weekly transplantations. PC = principal 

component.  
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5.6. Influence of a high-fructose diet in young male rats housed in 

conventional. 

5.6.1. Changes in clinical parameters. Signs of disease in young male 

rats. 

The  clinical parameters showed an increase in both systolic and diastolic 

pressure in young males. However, the body weight did not show 

statistical significance differences, moreover, the diet and drink intake 

experimented a decrease and the Kcal intake exhibited an increase in the 

high-fructose diet (Table 14). 

HFR diet also altered biochemical parameters, mainly the increase of  

several parameters in rats fed with a high-fructose diet, concerning the 

controls, as triglycerides and insulin and a decrease in HDL cholesterol. 

Other biochemical parameters as glycemia, VLDL, GOT and GPT levels 

did not show statistical differences in the comparison to the control (Table 

15). When compared to the STZ group, HFR showed triglycerides and 

insulin values resembling to this group whereas the HDL levels were 

closer to the CTL group than to the HFR group. 

Table 14 and Table 15 show the mean values of the different parameters 

measured by physiology and biochemistry in the control diet group and 

the high-fructose diet group, in young male rats housed in a conventional 

environment at the endpoint of the experiment. 
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Table 14. Summary of physiological parameters at sixteen weeks of diet in male 

young rats raised in conventional housing. 

 M-CTL.Y 

(n=6) 

M-HFD.Y 

(n=6) 
p_value 

Body weight (g) 427,75 ± 15,44 398,67 ± 28,89 0,055 

Body weight gain (g) 353,88 ± 11,86 326,55 ± 31,52 0,075 

Diet intake (g) 4,77 ± 0,28 3,01 ± 0,20 < 0,001 

Drink intake (ml) 5,13 ± 0,89 3,95 ± 0,52 0,018 

Kcal intake 13,85 ± 0,81 18,19 ± 1,73 < 0,001 

Systolic blood 

pressure (mmHg) 
107,36 ± 5,82 129,31 ± 8,06 < 0,001 

Diastolic blood 

pressure (mmHg) 
71,75 ± 17,86 90,58 ± 10,01 0,048 

Values are expressed as means ± standard deviations. 

Table 15. Summary of biochemical parameters at sixteen weeks of diet in male 

young rats raised in conventional housing. 

 M-CTL.Y 

(n=6) 

M-HFD.Y 

(n=6) 

M-STZ.Y 

(n=6) 

Glycemia (mg/dl) 92,50 ± 10,09 88,50 ± 4,76 88,50 ± 10,071 

Triglycerides 

(mg/dl) 
34,33 ± 11,08 66,68 ± 29,29 * 71,36 ± 23,83 

#
 

HDL Cholesterol 

(mg/ml) 
87,87 ± 7,13 61,84 ± 13,45 ** 97,51 ± 17,09 

%%
 

VLDL Cholesterol 

(mg/ml) 
16,92 ± 4,21 15,50 ± 2,84 27,03 ± 6,44 

# %%
 

Insulin (ng/ml) 0,96 ± 0,50 1,97 ± 0,83 * 2,35 ± 0,89 
##

 

GOT/AST 

(mU/ml) 
12,22 ± 3,37 9,28 ± 3,87 15,03 ± 5,25 

GPT/ALT 

(mU/ml) 
8,43 ± 2,64 7,46 ± 1,46 12,01 ± 3,75 

%
 

Values are expressed as means ± standard deviations. Statistics analysis: CTL 

vs HFR: *p<0.05; **p<0.01; ***p<0.001. CTL vs STZ: # p<0.05; ## p<0.01; 

### p<0.001. HFR vs STZ: % p<0.05; %% p<0.01; %%% p<0.001. 
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Furthermore, the histological analysis showed small alterations in the 

liver of male rats fed with a high-fructose diet (Figure 132 – A, B). In the 

liver tissue sections explored, an increase in size and quantity of lipid 

vacuoles was observed inside the hepatocytes of the group with a high-

fructose diet with a morphology similar to the streptozotocin group 

(Figure 132 - C). Moreover, the total liver weight showed a statistically 

significant increase in animals fed with high-fructose diet (Figure 132 - 

D). 

 

   

 

Figure 132. Hepatic histological sections of 5 micras stained with H&E in 

control male rats (A) high-fructose diet male rats (B), (C) streptozotocin male 

rats and the comparative of liver weight (D). Bars express means and standard 

deviations. CTL vs HFR: *p<0.05; **p<0.01; ***p<0.001; CTL vs STZ: # 

p<0.05; ## p<0.01; ### p<0.001; HFR vs STZ: % p<0.05; %% p<0.01; %%% 

p<0.001. 
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5.6.2. Modulation of inflammation. Circulating chemokines and liver 

genes expression in young male rats. 

High-fructose diet in young male rats induced the serum increase of leptin 

and a decrease in MCP-1. TNF-α and IL-6 did not reach the detection 

limit of Milliplex (Table 16). 

Table 16. Summary of serum cytokines circulating in male young rats in 

conventional facilities at sixteen weeks of the diet. 

Analyte  

(pg/ml) 
M-CTL.Y 

(n=5) 

M-HFR.Y 

(n=5) 
p_value 

IL-1β 24,74 ± 18,79 39,36 ± 19,01 0,256 

TNF-α No detectable No detectable - 

C_peptide 
(n=4) 

399,75 ± 148,76 563,88 ± 192,25 0,226 

Leptin (n=4) 2042,88 ± 403,91 3467,75 ± 457,94 0,003 

PYY (n=4) 24,01 ± 18,81 54,30 ± 21,12 0,101 

MCP-1 234,02 ± 19,04 170,72 ± 37,29 0,010 

PAI-1t  17,08 ± 7,31 19,92 ± 3,68 0,514 

IL-6  No detectable No detectable - 

Values are expressed as means ± standard deviations. 

A decreased expression of a marker of tight-junction proteins, the 

occludin genes by Real-Time PCR was observed in male rats with high-

fructose diet compared to the control group (Figure 133). 

 

Figure 133. Relative expression of occludin in young male rats with control and 

high-fructose diet at sixteen weeks of the diet. Bars express the means. 
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5.6.3. Modulation of gut microbiota in young male rats. 

High-fructose diet induced the development of alterations in the 

microbial diversity, in the group of young male rats with respect to the 

controls (Figure 134- A). Specific changes at the phylum taxonomic level 

with reduced unassigned and Actinobacteria phyla and increased 

Bacteroidetes phyla, similarly to the STZ group (Figure 83- A) were 

observed by Sequencing.  This microbiome modulation showed a 

tendency to decrease in the Firmicutes/Bacteroidetes ratio in the HFR 

group without statistical significance (Figure 134– B). These variations 

in the HFR group were near to the results shown in the STZ group. The 

phylotype richness estimated according to the Chao 1 index was 

intermediate between CTL and STZ group (Figure 134- C). 

 

 

Figure 134. Microbiome alterations in young male rats with control and high-

fructose diet at sixteen weeks. (A) Gut bacterial communities sequencing, (B) 

Firmicutes/Bacteroidetes ratio and (C) Rarefaction curves based on Chao1 

index. 
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5.6.4. Metabolism alterations in young male rats. Metabolome 

analysis. 

The high-fructose diet induced alterations in the metabolic profile of 

serum, urine and feces in young rats, as well as the high-fat diet in adult 

rats. The metabolome analysis through 1H-NMR of serial temporal points 

allowed us to explore also time-dependent changes in the metabolome.  

5.6.4.1. Alterations in metabolic profile in young male rats at four 

weeks of diet (t1). 

PCA of serum and fecal samples did not show a great clustering of the 

samples. However, the urine metabolome revealed that the high-fructose 

diet group induced some metabolic alterations compared with the control 

diet group before four weeks of experiment (Figure 135). 

The metabolomic alterations with statistical differences were related to 

mannose, trimethylamine n-oxide, fructose, formate, and creatine 

circulating in serum (Figure 136). Moreover, the analysis of feces showed 

alterations mainly in BCAA (leucine, valine, and isoleucine), TCA cycle 

(lactate, alanine), microbial metabolism (butyrate, propionate), sugars, 

acetoin, or xylose (Figure 137). The alterations showed in urine were 

related to an abundant number of metabolites, is remarkable the 

differences in taurine, urea, alanine, acetate, isopropanol or 2-

oxoglutarate (Figure 138). 
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Figure 135. PCA scores plot based on the 1H NMR spectra of (A) serum, (B) 

feces and (C) urine from control (black cross) and HFR (grey square) rats on 

week 4 of diet. PC = principal component. 
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Figure 136. Metabolomic Ratio HFR-CTL and VIP scores plot derived from 

PLS-DA analysis in young male rats (CTL versus HFR) at four weeks of the diet, 

based on serum NMR. Grey bars represent the ratio of metabolites in serum 

NMR with diet effect (positive bars: increased in HFR; negative bars: decreased 

in HFR). Black bars represent VIP scores. Statistics from univariate analysis: 

*p<0.05; **p<0.01; ***p<0.001. VIP scores above 1, complete figure in 

annexes. 
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Figure 137. Metabolomic Ratio HFR-CTL and VIP scores plot derived from 

PLS-DA analysis in young male rats (CTL versus HFR) at four weeks of the diet, 

based on feces NMR. Grey bars represent the ratio of metabolites in feces NMR 

with diet effect (positive bars: increased in HFD; negative bars: decreased in 

HFD). Black bars represent VIP scores. Statistics from univariate analysis: 

*p<0.05; **p<0.01; ***p<0.001. VIP scores above 1, complete figure in 

annexes. 
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Figure 138. Metabolomic Ratio HRD-CTL and VIP scores plot derived from 

PLS-DA analysis in young male rats (CTL versus HFR) at four weeks of the diet, 

based on urine NMR. Grey bars represent the ratio of metabolites in urine NMR 

with diet effect (positive bars: increased in HFD; negative bars: decreased in 

HFR; negative bars: decreased in HFD). Black bars represent VIP scores. 

Statistics from univariate analysis: *p<0.05; **p<0.01; ***p<0.001. VIP 

scores above 1, complete figure in annexes.  
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5.6.4.2. Alterations in metabolic profile in young male rats at eight 

weeks of diet (t2). 

PCA of urine, but not of serum and fecal samples, showed a slight 

spontaneous clustering of the samples by diet  after eight weeks of the 

experiment (Figure 139). 

The HFR Ratio showed variations, mainly in sugars, highlighting fructose 

circulating serum at the eight weeks of the experiment (Figure 140) and 

fatty acids (FABCH2, VLDL). In fecal samples the main variations in the 

metabolic profile were in sugars (Figure 141). In the urine profile there 

were statistical differences in taurine, succinate, or urea and sugars 

altered when rats were fed with HFR diet (Figure 142). 

 

Figure 139. PCA scores plot based on the 1H NMR spectra of (A) serum, (B) 

feces and (C) urine from control (black cross) and HFR (grey square) rats on 

week 8 of diet. PC = principal component. 

 



 

226 

 Results 

 

Figure 140. Metabolomic Ratio HFR-CTL and VIP scores plot derived from 

PLS-DA analysis in young male rats (CTL versus HFR) at eight weeks of the 

diet, based on serum NMR. Grey bars represent the ratio of metabolites in serum 

NMR with diet effect (positive bars: increased in HFD; negative bars: decreased 

in HFD). Black bars represent VIP scores. Statistics from univariate analysis: 

*p<0.05; **p<0.01; ***p<0.001. VIP scores above 1, complete figure in 

annexes. 
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Figure 141. Metabolomic Ratio HFR-CTL and VIP scores plot derived from 

PLS-DA analysis in young male rats (CTL versus HFR) at eight weeks of the 

diet, based on feces NMR. Grey bars represent the ratio of metabolites in feces 

NMR with diet effect (positive bars: increased in HFR; negative bars: decreased 

in HFR). Black bars represent VIP scores. Statistics from univariate analysis: 

*p<0.05; **p<0.01; ***p<0.001. VIP scores above 1, complete figure in 

annexes. 
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Figure 142. Metabolomic Ratio HFR-CTL and VIP scores plot derived from 

PLS-DA analysis in young male rats (CTL versus HFR) at eight weeks of the 

diet, based on urine NMR. Grey bars represent the ratio of metabolites in feces 

NMR with diet effect (positive bars: increased in HFR; negative bars: decreased 

in HFR). Black bars represent VIP scores. Statistics from univariate analysis: 

*p<0.05; **p<0.01; ***p<0.001. VIP scores above 1, complete figure in 

annexes. 
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5.6.4.3. Alterations in metabolic profile in young male rats at sixteen 

weeks of diet (t3). 

PCA of serum revealed clear separation between diet groups, suggesting 

that metabolic profile alteration induced by the HFR diet is detectable in 

serum after sixteen weeks of the experiment. Feces and urine PCAs did 

not show a good separation of the samples (Figure 143).  

The alterations in metabolic profiles between the high-fructose diet group 

and the control diet group were related to the following variations of 

metabolites. In serum, there were statistical differences mainly in sugars 

(fructose, mannose), fatty acids (FABCH2, FACH-CH2-CH, FACH2, 

VLDL, cholesterol), and inflammatory metabolism (NAC) (Figure 144). 

The metabolome of feces showed differences in phenylacetate and 

tryptophan (Figure 145). In urine, the principal metabolites affected 

included succinate, taurine, isopropanol, proline, urea, lactate, and sugars 

(Figure 146).  

 

Figure 143. PCA scores plot based on the 1H NMR spectra of (A) serum, (B) 

feces and (C) urine from control (black cross) and HFR (grey square) rats on 

week 16 of diet. PC = principal component. 

. 
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Figure 144. Metabolomic Ratio HFR-CTL and VIP scores plot derived from 

PLS-DA analysis in male rats (CTL versus HFR) at sixteen weeks of the diet, 

based on serum NMR. Grey bars represent the ratio of metabolites in serum 

NMR with diet effect (positive bars: increased in HFR; negative bars: decreased 

in HFR). Black bars represent VIP scores. Statistics from univariate analysis: 

*p<0.05; **p<0.01; ***p<0.001. VIP scores above 1, complete figure in 

annexes. 
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Figure 145. Metabolomic Ratio HFR-CTL and VIP scores plot derived from 

PLS-DA analysis in male rats (CTL versus HFR) at sixteen weeks of the diet, 

based on feces NMR. Grey bars represent the ratio of metabolites in feces NMR 

with diet effect (positive bars: increased in HFR; negative bars: decreased in 

HFR). Black bars represent VIP scores. Statistics from univariate analysis: 

*p<0.05; **p<0.01; ***p<0.001. VIP scores above 1, complete figure in 

annexes. 
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Figure 146. Metabolomic Ratio HFR-CTL and VIP scores plot derived from 

PLS-DA analysis in male rats (CTL versus HFR) at nine weeks of the diet, based 

on urine NMR. Grey bars represent the ratio of metabolites in urine NMR with 

diet effect (positive bars: increased in HFR; negative bars: decreased in HFR). 

Black bars represent VIP scores. Statistics from univariate analysis: *p<0.05; 

**p<0.01; ***p<0.001. VIP scores above 1, complete figure in annexes. 
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The main serum metabolic pathways altered by the HFR diet were related 

to the sugars metabolism (galactose, fructose and mannose), lysine 

degradation, and steroid biosynthesis, among others. The results are 

shown in the summary plot for quantitative enrichment analysis in Figure 

147. 

 

Figure 147. Summary plot for Quantitative Enrichment Analysis with the 

principal pathways involved in the high-fat fructose effect at sixteen weeks of the 

diet in serum samples. 
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5.6.5. Effect of the high-fructose diet at sixteen weeks on the 

relationship between variables in young male rats. Correlation 

analysis. 

The study of correlations allowed us to visualize the overall associations 

between clinical features, metabolome and microbiome after 16 weeks of 

HFR diet intervention in Figure 148.  

The arterial pressure and Kcal intake had a strong correlation with fatty 

acids, both, positive and negative, depending on the specific type of fatty 

acid. Moreover, these variables correlated positively with NAC, insulin 

and fructose. These correlations were inverse to diet intake. On the other 

hand, the levels of PAI-1 correlated negatively with creatinine, acetate, 

and leucine.  

In addition, NAC correlated positively with fructose and FAB-CH2 and 

negatively with FACH-CH2-CH and FA-CH2n. Furthermore, the 

Firmicutes phylum had a negative correlation with creatinine, isoleucine, 

leucine and dimethylamine, inversely to Bacteroidetes. The 

Proteobacteria phylum correlated negatively with leptin, and systolic 

pressure.  

The statistical table values are in annexes. The image can be zoom-

detailed in annexes. 
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Figure 148. Correlation heatmap showing the correlation effects between 

different features in the control diet group and the high-fructose diet group. 

Including clinical parameters, fecal microbiota and serum circulating 

metabolism. Positive correlations in red and negative correlations in blue. 
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5.6.6. Temporal progression of the high-fructose diet effects in young 

male rats.  

The HFR diet, despite being more hypercaloric, did not produce a 

significant weight gain in the rats, at 16 weeks, the weight was even 

slightly lower than that observed in the rats on the CTL diet at the 

beginning of the experiment (4 and 8 weeks) (Figure 149). 

Systolic blood pressure was increased since 4 weeks of while the diastolic 

blood pressure get increased at the endpoint of the experiment. 

The high-fructose diet did not produce great differences in  the microbial 

metabolism of young males, only showing statistical differences in 

trimethylamine N-oxide and butyrate+propionate at four weeks of diet 

(t1) (Figure 150). The  inflammatory metabolism measured by RMN, the 

NACs, showed differences between diets with statistical significance at 

endpoint. (Figure 152). 

Lipid metabolism only showed an increase at the endpoint in HFR rats 

except for unsaturated fatty acids that remained unchanged experiment 

(Figure 151). 

The amino acids, glycolysis related metabolism the TCA cycle and the 

metabolism related to and ATP balance did not show differences with 

statistical significance (Figure 153-154). 

Finally, the sugar metabolism showed a high increase with statistical 

significance, principally in fructose and mannose during all experiment 

in the high-fructose diet group of young males (Figure 154). 



 

237 

 Results 

 

Figure 149. Profile graphics showing the effect of diet-time in physiology 

variables across a longitudinal study with the control diet (dashed line) and the 

high-fructose diet (black line) at several temporal points. Values are expressed 

as means ± standard deviations. Statistics analysis: *p<0.05; **p<0.01; 

***p<0.001. 
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Figure 150. Profile graphics showing the effect of diet-time in microbiota and 

host-microbial metabolism variables across a longitudinal study with the control 

diet (dashed line) and the high-fructose diet (black line) at several temporal 

points in the circulating serum metabolomics. Values are expressed as means ± 

standard deviations. Statistics analysis: *p<0.05; **p<0.01; ***p<0.001. 
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Figure 151. Profile graphics showing the effect of diet-time in lipid metabolism 

variables across a longitudinal study with the control diet (dashed line) and the 

high-fructose diet (black line) at several temporal points in circulating serum. 

Values are expressed as means ± standard deviations. Statistics analysis: 

*p<0.05; **p<0.01; ***p<0.001. 



 

240 

 Results 

 

Figure 152. Profile graphics showing the effect of diet-time in BCAA and 

aromatic amino acid variables and inflammatory metabolism across a 

longitudinal study with the control diet (dashed line) and the high-fructose diet 

(black line) at several temporal points in circulating serum. Values are expressed 

as means ± standard deviations. Statistics analysis: *p<0.05; **p<0.01; 

***p<0.001. 



 

241 

 Results 

 

Figure 153. Profile graphics showing the effect of diet-time in glycolysis and 

TCA metabolism variables across a longitudinal study with the control diet 

(dashed line) and the high-fructose diet (black line) at several temporal points 

in circulating serum. Values are expressed as means ± standard deviations. 

Statistics analysis: *p<0.05; **p<0.01; ***p<0.001. 
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Figure 154. Profile graphics showing the effect of diet-time in ATP balance and 

sugar metabolism variables across a longitudinal study with the control diet 

(dashed line) and the high-fructose diet (black line) at several temporal points 

in circulating serum. Values are expressed as means ± standard deviations. 

Statistics analysis: *p<0.05; **p<0.01; ***p<0.001. 
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5.7. Influence of a high-fructose diet in young female rats housed in 

conventional. 

5.7.1. Changes in clinical parameters. Signs of disease in young 

female rats. 

High-fructose diet induced moderate increase in systolic and diastolic 

pressure in young females. Although HFR favourished a higher Kcal 

intake, similarly to what was observed in males, the diet and drink intake 

experimented a decrease and body weight did not show statistical 

significance differences.  

On the other hand, the biochemical analysis showed a decrease in HDL 

cholesterol as observed in males, but contrary to males, in females 

statistical differences in triglycerides or insulin,were not observed. Other 

biochemical parameters as glycemia, VLDL, GOT and GPT levels did 

not show statistical differences in the comparison of the high-fructose 

group with controls, as previously described in males. 

Table 17 show the mean values of the different parameters measured by 

physiology and biochemistry in the control diet group and the high-

fructose diet group, in young female rats housed in a conventional 

environment at the endpoint of the experiment. 
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Table 17. Summary of physiological and biochemical parameters at sixteen 

weeks of diet in female young rats raised in conventional housing. 

 F-CTL.Y 

(n=6) 

F-HFR.Y 

(n=6) 
p_value 

Body weight (g) 252,25 ± 20,69 233,35 ± 12,56 0,085 

Body weight gain (g) 198,42 ± 25,59 179,70 ± 14,97 0,153 

Diet intake (g) 6,31 ± 0,47 3,75 ± 0,21 < 0,001 

Drink intake (ml) 9,15 ± 1,32 5,82 ± 0,58 < 0,001 

Kcal intake 18,31 ± 1,36 24,85 ± 1,64 < 0,001 

Systolic blood 

pressure (mmHg) 
101,00 ± 9,53 122,08 ± 16,63 0,023 

Diastolic blood 

pressure (mmHg) 
67,63 ± 14,87 90,75 ± 10,72 0,021 

Glycemia (mg/dl) 92,50 ± 7,61 89,67 ± 7,84 0,540 

Triglycerides (mg/dl) 45,00  ± 10,49 37,72 ± 7,29 0,208 

HDL Cholesterol 

(mg/ml) 
95,28 ± 16,18 70,34 ± 11,68 0,016 

VLDL Cholesterol 

(mg/ml) 
15,13 ± 1,94 17,98 ± 4,44 0,217 

Insulin (ng/ml) 1,17 ± 0,55 1,27 ± 0,48 0,733 

GOT/AST (mU/ml) 21,91 ± 3,61 17,07 ± 4,77 0,096 

GPT/ALT (mU/ml) 11,16 ± 5,82 5,73 ± 2,07 0,060 

Values are expressed as means ± standard deviations. 
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The histological analysis did not show conclusive differences, contrary to 

the results showed in young males. It seems to be slight visual alterations 

in the morphology of the liver of female rats fed with a high-fructose diet 

(Figure 155– A, B). Moreover, the total liver weight tends to increase 

under a high-fructose diet, but with no statistical significance differences 

(Figure 155- D) 

          

Figure 155. Hepatic histology sections of 5 micras stained with H&E in control 

female rats (A) and high-fructose diet female rats (B), and the comparative of 

liver weight (C). Bars express means and standard deviation 
 

5.7.2. Modulation of gut microbiota in young female rats. 

The study of the intestinal microbiota showed the development of 

alterations in the microbial diversity in the group of young female rats fed 

with a high-fructose diet, with respect to the controls. These changes 

revealed the influence that the diet has on the bacterial communities in 

the host of young females (Figure 156- A). This microbiome modulation 

showed a tendency to decrease in the Firmicutes/Bacteroidetes ratio in 

the HFR group without statistical significance, as previously described in 

young males (Figure 156– B).  



 

246 

 Results 

 

Figure 156. Microbiome alterations in young female rats with control and high-

fructose diet at sixteen weeks. (A) Gut bacterial communities sequencing and (B) 

Firmicutes/Bacteroidetes ratio. Bars express means and standard deviation. 

 

5.7.3. Metabolism alterations in young female rats. Metabolome 

analysis. 

The high-fructose diet induced alterations in the metabolic profile of 

serum, urine and feces in young female rats, as in young male rats.  

5.7.3.1. Alterations in metabolic profile in young male rats at four 

weeks of diet (t1). 

PCA of serum and fecal samples did not show any separation between 

the experimental groups at the four weeks of the experiment (Figure 157). 

The urine samples were insufficient to perform the multivariable analysis.  

The metabolomic alterations with statistical differences were mainly 

related to fructose, but also lysine, dimethylamine and creatine phosphate 

circulating in serum (Figure 158). Moreover, in feces were highlighted 

the variations in isopropanol, caprate, valerate and methylguanidine 

(Figure 159).  
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Figure 157. PCA scores plot based on the 1H NMR spectra of (A) serum and (B) 

feces from control (black cross) and HFR (grey square) rats on week 4 of diet. 

PC = principal component. 

 

Figure 158. Metabolomic Ratio HFR-CTL and VIP scores plot derived from 

PLS-DA analysis in young female rats (CTL versus HFR) at four weeks of the 

diet, based on serum NMR. Grey bars represent the ratio of metabolites in serum 

NMR with diet effect (positive bars: increased in HFR; negative bars: decreased 

in HFR). Black bars represent VIP scores. Statistics from univariate analysis: 

*p<0.05; **p<0.01; ***p<0.001. VIP scores above 1, complete figure in 

annexes. 
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Figure 159. Metabolomic Ratio HFR-CTL and VIP scores plot derived from 

PLS-DA analysis in young female rats (CTL versus HFR) at four weeks of the 

diet, based on feces NMR. Grey bars represent the ratio of metabolites in feces 

NMR with diet effect (positive bars: increased in HFD; negative bars: decreased 

in HFD). Black bars represent VIP scores. Statistics from univariate analysis: 

*p<0.05; **p<0.01; ***p<0.001. VIP scores above 1, complete figure in 

annexes. 
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5.7.3.2. Alterations in metabolic profile in young female rats at eight 

weeks of diet (t2). 

PCA of serum and fecal samples did not show any clustering between the 

high-fructose diet and the control diet group at the eight weeks of the 

experiment. However, the PCA constructed with the urine samples 

showed a moderate separation between both diet groups (Figure 160). 

The principal metabolome variations included glucose and VLDL in 

serum at the eight weeks of the experiment (Figure 161) and unknown 

metabolical region in fecal samples (Figure 162). Moreover, in the urine, 

there were statistical differences in methylguanidine, taurine, hippurate, 

anthranilate, propylene glycol, tyrosine, fumarate, urea, homocysteine, 

alanine, or sugars (Figure 163). 

 

Figure 160. PCA scores plot based on the 1H NMR spectra of (A) serum, (B) 

feces and (C) urine from control (black cross) and HFR (grey square) rats on 

week 8 of diet. PC = principal component. 

 



 

250 

 Results 

 

Figure 161. Metabolomic Ratio HFR-CTL and VIP scores plot derived from 

PLS-DA analysis in young female rats (CTL versus HFR) at eight weeks of the 

diet, based on serum NMR. Grey bars represent the ratio of metabolites in serum 

NMR with diet effect (positive bars: increased in HFD; negative bars: decreased 

in HFD). Black bars represent VIP scores. Statistics from univariate analysis: 

*p<0.05; **p<0.01; ***p<0.001. VIP scores above 1, complete figure in 

annexes. 
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Figure 162. Metabolomic Ratio HFR-CTL and VIP scores plot derived from 

PLS-DA analysis in young female rats (CTL versus HFR) at eight weeks of the 

diet, based on feces NMR. Grey bars represent the ratio of metabolites in feces 

NMR with diet effect (positive bars: increased in HFR; negative bars: decreased 

in HFR). Black bars represent VIP scores. Statistics from univariate analysis: 

*p<0.05; **p<0.01; ***p<0.001. VIP scores above 1, complete figure in 

annexes. 
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Figure 163. Metabolomic Ratio HFR-CTL and VIP scores plot derived from 

PLS-DA analysis in young female rats (CTL versus HFR) at eight weeks of the 

diet, based on urine NMR. Grey bars represent the ratio of metabolites in feces 

NMR with diet effect (positive bars: increased in HFR; negative bars: decreased 

in HFR). Black bars represent VIP scores. Statistics from univariate analysis: 

*p<0.05; **p<0.01; ***p<0.001. VIP scores above 1, complete figure in 

annexes. 
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5.7.3.3. Alterations in metabolic profile in young female rats at 

sixteen weeks of diet (t3). 

Both PCA plot constructed with serum and urine, but not feces, showed 

metabolic profiles of two slightly overlapped groups according to the 16 

weeks of diet exposure (Figure 164).  

The alterations in metabolic profiles between the high-fructose diet group 

and the control diet group were mainly related to fructose, in serum, as 

well as previous weeks in males and females experiment. Also, fatty 

acids, creatinine, 3-hydroxybutyrate, methylhistidine, choline 

compounds,  mannose, and NACs in serum (Figure 165). The 

metabolome of feces showed differences in lactate, valine and propionate 

(Figure 166). In urine, the principal metabolites affected included 

hippurate, fumarate, trans-aconitate, succinate, and sugars, between 

others (Figure 167).  

 

Figure 164. PCA scores plot based on the 1H NMR spectra of (A) serum, (B) 

feces and (C) urine from control (black cross) and HFR (grey square) rats on 

week 16 of diet. PC = principal component. 

. 
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Figure 165. Metabolomic Ratio HFR-CTL and VIP scores plot derived from 

PLS-DA analysis in female rats (CTL versus HFR) at sixteen weeks of the diet, 

based on serum NMR. Grey bars represent the ratio of metabolites in serum 

NMR with diet effect (positive bars: increased in HFR; negative bars: decreased 

in HFR). Black bars represent VIP scores. Statistics from univariate analysis: 

*p<0.05; **p<0.01; ***p<0.001. VIP scores above 1, complete figure in 

annexes. 
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Figure 166. Metabolomic Ratio HFR-CTL and VIP scores plot derived from 

PLS-DA analysis in female rats (CTL versus HFR) at sixteen weeks of the diet, 

based on feces NMR. Grey bars represent the ratio of metabolites in feces NMR 

with diet effect (positive bars: increased in HFR; negative bars: decreased in 

HFR). Black bars represent VIP scores. Statistics from univariate analysis: 

*p<0.05; **p<0.01; ***p<0.001. VIP scores above 1, complete figure in 

annexes. 
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Figure 167. Metabolomic Ratio HFR-CTL and VIP scores plot derived from 

PLS-DA analysis in female rats (CTL versus HFR) at nine weeks of the diet, 

based on urine NMR. Grey bars represent the ratio of metabolites in urine NMR 

with diet effect (positive bars: increased in HFR; negative bars: decreased in 

HFR). Black bars represent VIP scores. Statistics from univariate analysis: 

*p<0.05; **p<0.01; ***p<0.001. VIP scores above 1, complete figure in 

annexes. 
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The main metabolic pathways involved in the metabolome of serum were 

related to fructose and mannose metabolism, aminosugars and nucleotide 

sugar metabolism, sucrose and galactose metabolism, 

glycerophospholipids metabolism, among others. The results are shown 

in the summary of quantitative enrichment (Figure 168). 

 

Figure 168. Summary plot for Quantitative Enrichment Analysis with the 

principal pathways involved in the high-fructose diet effect at sixteen weeks of 

the diet in serum samples. 
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5.7.4. Effect of the high-fructose diet at sixteen weeks on the 

relationship between variables in young female rats. Correlation 

analysis. 

The study of correlations showed the associations between different 

clinical and biochemical variables, metabolome and microbiome 

measured in the high-fructose experiment in young females in Figure 169.  

Glycemia showed a strong negative correlation with the metabolism of 

the amino acid (BCAA and aromatic region), glycolysis, ATP balance, 

and dimethylamine. Moreover, diastolic pressure correlated negatively 

with the phylum Verrucomicrobia and some fatty acids. 

Cholesterol (HDL and VLDL), transaminases (GOT and GPT), and NAC 

metabolism correlated negatively with arginine metabolism. Moreover, 

NAC levels and Kcal intake had negative correlation with FACH-CH2-

CH- and FA-CH2n, and it had positive correlation with FAB-CH2 and 

fructose. 

Firmicutes phylum had a strong negative correlation with isoleucine and 

leucine, but also with acetate and creatinine, whilst Actinobacteria 

phylum had a negative correlation with fecal butyrate and propionate, and 

arginine. 

Finally, the metabolism variables had a positive correlation between 

them, as in previous experiments, but it was remarkable the strong 

correlation of creatine phosphate with dimethylamine and 

trimethylamine, apart from the acetate correlated positively with 

isoleucine.  

The statistical table values are in annexes. The image can be zoom-

detailed in annexes 
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Figure 169. Correlation heatmap showing the correlation effects between 

different features in the control diet group and the high-fructose diet group. 

Including clinical parameters, fecal microbiota and serum circulating 

metabolism. Positive correlations in red and negative correlations in blue. 
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5.7.5. Temporal progression of the high-fructose diet effects in young 

female rats.  

As happened in males, the HFR diet, despite being more hypercaloric, did 

not produce a significant weight gain in female rats, at 16 weeks, even at 

4 and 8 weeks the weight was slightly less than that observed in rats on 

the CTL diet. (Figure 170).  

Unlike what happened in males, blood pressure did not get increased from 

the beginning (4 weeks) of HFD intake but only get increased at the 

endpoint (16 weeks) of the experiment (Figure 170). 

In young female rats, the microbial metabolism only showed statistical 

differences in dimethylamine at the fourth week of diet in the HFR group 

whilst in males, fecal SCFAs were also increased at this temporal point 

(Figure 171). Similarly, to what was observed in males, the NMR NACs 

inflammatory metabolism was altered only at the endpoint of the 

experiment (Figure 173). 

The lipid metabolism showed different tendencies with statistical 

significance between diets at the endpoint of the experiment (Figure 172). 

The metabolism related to glycolysis and the TCA cycle, ATP balance or 

amino acids did not show great differences between diets (Figure 174-

175), as well as described in males. 

Finally, the sugar metabolism showed lower alterations than in males fed 

with HFR. As expected, a high increase with statistical significance in 

fructose during all the experiment was observed in the high-fructose diet 

group (Figure 175) but no alteration in the mannose levels was observed 

in females. 
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Figure 170. Profile graphics showing the effect of diet-time in physiology 

variables across a longitudinal study with the control diet (dashed line) and the 

high-fructose diet (black line) at several temporal points. Values are expressed 

as means ± standard deviations. Statistics analysis: *p<0.05; **p<0.01; 

***p<0.001. 
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Figure 171. Profile graphics showing the effect of diet-time in microbiota and 

host-microbial metabolism variables across a longitudinal study with the control 

diet (dashed line) and the high-fructose diet (black line) at several temporal 

points in the circulating serum metabolomics. Values are expressed as means ± 

standard deviations. Statistics analysis: *p<0.05; **p<0.01; ***p<0.001. 
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Figure 172. Profile graphics showing the effect of diet-time in lipid metabolism 

variables across a longitudinal study with the control diet (dashed line) and the 

high-fructose diet (black line) at several temporal points in circulating serum. 

Values are expressed as means ± standard deviations. Statistics analysis: 

*p<0.05; **p<0.01; ***p<0.001. 
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Figure 173. Profile graphics showing the effect of diet-time in BCAA and 

aromatic amino acid variables and inflammatory metabolism across a 

longitudinal study with the control diet (dashed line) and the high-fructose diet 

(black line) at several temporal points in circulating serum. Values are expressed 

as means ± standard deviations. Statistics analysis: *p<0.05; **p<0.01; 

***p<0.001. 
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Figure 174. Profile graphics showing the effect of diet-time in glycolysis and 

TCA metabolism variables across a longitudinal study with the control diet 

(dashed line) and the high-fructose diet (black line) at several temporal points 

in circulating serum. Values are expressed as means ± standard deviations. 

Statistics analysis: *p<0.05; **p<0.01; ***p<0.001. 
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Figure 175. Profile graphics showing the effect of diet-time in ATP balance and 

sugar metabolism variables across a longitudinal study with the control diet 

(dashed line) and the high-fructose diet (black line) at several temporal points 

in circulating serum. Values are expressed as means ± standard deviations. 

Statistics analysis: *p<0.05; **p<0.01; ***p<0.001.  
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5.8. Human metabolome of population study. 

The study sample included 24 participants (9 children with obesity and 

IR, 7 children with obesity without IR and 8 controls). Table 18 contains 

baseline characteristics.  

Table 18. Baseline Characteristics of the general population of children. 

 
No Insulin 

resistant 

(n=15) 

Insulin resistant 

(n=9) 

Age (years)a 11,7 [11-13] 13,5 [12-16] 

Male, N(%)  10 (67%) 9 (67%) 

z-score BMI a 
1,12 [0,15-

2,08] 2,39 [2,12-3,45] * 

HOMA 2,3 [1,5-2,7] 7 [4,5-10,3] 

Total 

cholesterol(mg/ml) 
187 ± 46 157 ± 25 

LDL cholesterol 

(mg/ml) 
119 ± 45 92 ± 24 

HDL Cholesterol 

(mg/ml) 
54 ± 11 43 ± 7 * 

GOT/AST (mU/ml) a 25 [24-28] 25 [20-42] 

GPT/ALT (mU/ml) a 18 [15-19] 24 [19-59] 

BMI, Body Mass Index; a Median (Interquartile range) *p-value <0.50 

Chemometric analysis of the serum revealed some differences in the 

relative intensity of certain metabolites between obese children with and 

without IR (Figure 176-A). These differences were associated with 

changes in fatty acids, amino acids (glutamine, leucine, and tyrosine), 

pyruvate, fructose, and microbial cometabolites (dimethylamines, 2-
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phenylpropionate). The metabolic markers of inflammation (the N-acetyl 

groups of the glycoproteins) were also altered in those with IR (Figure 

176-B). Most of these differences were also observed between obese 

children and controls, regardless of whether or not they were insulin 

resistant. 

A 

 
B 

 

Figure 176. (A) PLS-DA scores plot and (B) main metabolites involved for 

discrimination between no IR (red) and IR (green) based on metabolome NMR 

of blood. IR= insulin-resistant. 
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Some of the metabolites altered (fructose, mannose, FA=CH2, NAC, 

asparagine, proline) were found as significant contributions in the young 

rats experiments with high-fructose diet, validating the importance of 

these metabolites as possible biomarkers of early cardiometabolic disease 

in children (figure 177). 

 

Figure 177. Common metabolites between serum of high-fructose diet rats and 

blood of insulin-resistant children. 
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6. DISCUSSION 

Experimental model 

Our experimental model results make evident the effects of the dietary 

intervention on the development of alterations in the clinical parameters, 

metabolism, or gut microbiota. These findings are consistent with other 

animal studies (94) in which the development of alterations related to 

cardiometabolic disease and the impact or association with the gut 

microbiota were demonstrated. 

A growing number of studies have shown that obesity is closely related 

to the structure of intestinal microbiota, as was shown in An et al. (95). 

The use of a high-fat rat model suggests that the regulation of the 

constitution of gut microbiota is important in obesity. Also, the 

importance of gut microbiota was shown with a high fructose diet on rats 

(62), or in the study of Di Luccia et al. (96) where the work aimed to 

assess the possible link between the gut microbiota and the development 

of diet-induced metabolic syndrome, in a rat model of obesity with a high-

fructose diet. 

Moreover, the implications of this animal model with dietary 

supplementation with probiotics were demonstrated. The different modes 

of action of probiotics were evaluated, and their repercussions on diverse 

biomarkers of body-weight balance, immunity, and metabolism in 

conventional animals and animal models of obesity, diabetes, and 

hyperlipidemia were shown (97). 

In several studies, the probiotic supplementation not only improved 

several metabolic factors of diabetic rats under a high fructose diet or 
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streptozotocin (98, 99), but also improved the conditions in animal 

models with a high-fat diet (100).  

We have used a complete and methodical approach overarching the 

traditional limits of clinic medicine to allow for an integrative and 

multidisciplinary study of the cardiometabolic disease. Because of the 

development of an experimental model with a longitudinal design, 

frequent measurements at intermediate time points, and follow-up for a 

specific period of time, we were able to study disease onset and 

progression. These arguments and the general use of dietetic 

interventions over the years justify the choice of developing this animal 

model to provide insights into the course of the disease. 

6.1. Can the evaluation of the host-microbiota co-metabolism in a 

sub-clinical cardiometabolic disease rat model under a high-fat or 

high-fructose diet help in the identification of biomarkers of early 

alterations in the progression of the cardiometabolic disease?  

This hypothesis has been studied through the development of objective 

A-1. 

6.1.1. Detection of early biomarkers of sub-clinical cardiometabolic 

disease in a high-fat model of adult male and female rats. The gender 

differences. 

Our results evidence that a high-fat diet in adult male rats produces the 

development of early stages of metabolic disease, showing an increase in 

body weight associated with obesity, high blood pressure, dyslipidemia 

with a decrease in HDL levels, hyperglycemia associated with type 2 

diabetes, and possibly NAFLD, throw the development of signs of 
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microsteatosis. All of these alterations are found after 12 weeks of the 

dietary intervention. These data are consistent with those described by 

other authors on the model (101-104) which confirm the presence of 

clinical and pre-clinical signs related to cardiometabolic disease.  

Contrary to males, the impact of the diet in adult female rats is different 

to that in males with the development of hyperinsulinemia associated 

with type 2 diabetes, but not hyperglycemia, and not showing changes in 

HDL levels. The evidence of the gender differences in the development 

of metabolic disorders is reported by other studies and it could be related 

to hormones as estradiol (105, 106). 

Moreover, our results show that a high-fat diet produces an increase in 

the circulating C peptide, a precursor of insulin, as was reported in 

previous studies (107-109). This alteration is presented in both, males and 

females, with significant differences only in males.  

Metabolic disorders are related to the development of inflammation.  The 

current study reports no significant differences in both, males and 

females, in the common inflammatory serum circulating cytokines, as IL-

1β, TNF- α MCP-1 or PAI-1t, along the lines of the study by Yoo et al. 

(110), but contrary to other studies as Park et al. (111). In addition, the 

expression of TLR4 and Myd88 genes are involved in the mediation of 

the immune response and the proinflammatory cytokine production in 

response to bacterial lipopolysaccharydes (112-114). TLR4 could also be 

associated with increased intestinal permeability in cases of dysbiosis 

(115). Our results show that a high-fat diet produces an increase in TLR4, 

in line with previous observations by Gomez-Zorita et al (116). On the 

other hand, our group showed in previous studies that the lack of MyD88 

can cause metabolic disorders (117). However, the results of this work do 
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not confirm large differences in males and females but only a slight 

increase in animals under a high-fat diet. High levels of NAC have also 

been associated with an increase in systemic inflammation (118), but our 

results do not report differences between the control and the high-fat diet 

group for this NMR signal.  

There is a direct association between gut microbiota metabolism and 

SCFA. SCFA are products of fermentation by gut microbes (119). The 

main SCFA include acetate, propionate, and butyrate (51, 53, 120). In our 

samples, we find a decrease in levels of butyrate, propionate, and acetate 

in fecal samples at 12 weeks of diet in both males and females. The 

decrease in SCFA levels associated with a high-fat diet was previously 

reported (121, 122). Moreover, the low levels of butyrate can be related 

to the development of hypertension according to Kim et al. (123). On the 

other hand, the low levels of propionate and acetate could be related to 

low levels of Bacteroidetes (53, 124). In general, the SCFA levels are 

associated with the modulation of the production of proinflammatory 

cytokines (125-127). This suggests that these animals may be at the initial 

stages of the development of a stronger immune response, but without 

significant evidence in serum cytokines and other inflammatory markers 

and therefore are at a sub-clinical stage in the development of the 

cardiometabolic disease. In addition, previous studies have been shown 

that SCFA can stimulate the secretion of intestinal hormone PYY in 

endocrine cells, inhibiting gut transit, enhancing the absorption of glucose 

in muscle and adipose tissue, and producing a sense of satiety and reduced 

food intake (54, 124, 128, 129). Specifically, it was found that propionate 

could increase PYY in serum (130). Our results show that there is a trend 

to increase the PYY levels in the circulating serum of adult male and 

female rats under a high-fat diet. 
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The importance of the gut in the development of cardiometabolic disease 

is also related to the host-microbiota. Our findings show the influence of 

the high-fat diet in the host-microbiota interaction for adult male and 

females rats, showing a slight imbalance in the phyla of the microbiome, 

which could be indicative of a dysbiosis, as previous studies suggest (131, 

132). These changes cause a general decrease in the diversity of the gut 

microbiota, mainly a decrease in the Bacteroidetes species, consistent 

with previous studies (133, 134). Therefore, the Firmicutes/Bacteroidetes 

ratio experiments are increased with statistically significant differences 

in males but not in females after 12 weeks under a high-fat diet, showing 

an increase in Firmicutes and a decrease in Bacteroidetes, as it is well 

known and reported in previous studies in rats (135-137) and mice (138, 

139). Moreover, this increase in Firmicutes/Bacteroidetes ratio was 

reported in human obesity populations associated to other metabolic 

dysbalances (140, 141). We also detected a reduction in microbiota 

diversity in the high-fat diet groups consistent with previous findings in 

this respect (122). 

In addition to the individual metabolic results, the metabolome analysis 

shows that the metabolomic profile of serum, urine, and fecal extracts can 

discriminate the high-fat group from the control group in adult rats, 

suggesting that fat feeding can intervene in the metabolic pathways, and 

induce metabolic disorders. After 12 weeks of a high-fat diet, adult male 

rats experimented several alterations in circulating serum mainly related 

to unidentified metabolism changes. For example, female rats showed an 

increase in glycine. Glycine is an amino acid whose high levels have been 

related to a low risk of cardiometabolic diseases (142-144). Although 

mechanisms are not well understood, glycine is a major component of 
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mucins and collagen. Some studies report high levels of glycine in 

women than men in a healthy population  (145, 146). 

On the other hand, the principal differences in metabolites in fecal 

extracts are related to lactate and acetate, both in males and females. The 

decreased levels of lactate and acetate under high-fat diets could be 

related to alterations in glycolysis and the TCA cycle. These metabolites 

are involved in the metabolism of sugar, also showing an association with 

the microbial metabolism playing a role in the bacterial fermentation 

(122, 147). The decrease in lactate levels could be produced by a decrease 

in Lactobacillus. Interestingly, there are other important alterations in the 

feces of males rats, as an increase in NACs related to inflammation 

response, as was shown before, or an increase in isoleucine, which could 

be related to type 2 diabetes and obesity (148, 149). We also observed an 

increase in creatine levels, which are usually associated to muscle 

metabolism and might be associated with cardiometabolic risk factors. 

All this suggest a possible role for the creatine/phosphocreatine system in 

the development of the disease (150). 

In urine, we observed a decrease in hippurate, fumarate, and trans-

aconitate in males under high fat diet with respect control diet. In females,  

many metabolites showed increased levels, like urea, sugars, creatines, or 

tryptophane among others. The decreased levels of urinary hippurate 

have been reported as an obesity biomarker (151) and are related to the 

microbial degradation of dietary compounds (152). Fumarate is 

considered a mitochondrial metabolite whose decrease was reported in 

the kidney of high-fat diet rats (153) reflecting a disturbed energy 

metabolism and possibly mitochondrial dysfunction. On the other hand, 

a decrease in trans-aconitate concentration was previously found in mice 
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under high-fat diet although the mechanisms involved and the biological 

relevance remain poorly understood (154). 

The sex-related differences in urine metabolomic profile could indicate a 

gender effect in the response to dietary interventions, as observed in 

previous reports in healthy populations (155). Among the metabolites 

reported as differentially regulated under high-fat diet, some of them have 

been previously associated with cardiometabolic disorders, as higher 

levels of tryptophan related to obesity (156) or type 2 diabetes (157, 158), 

the urea association with BMI (159), or the role of creatine in the 

pathogenesis of cardiovascular and metabolic diseases (150). 

These results suggest that serum, fecal and urine metabolomic profiles 

might be useful clinical complements and could provide new tools for 

patients' management and cardiometabolic disease diagnosis. 

Finally, the longitudinal study in our models allows us to explore the 

progression of the development of the disease, to identify time 

precedence of events and to hypothetise new mechanisms. The serial 

metabolic and pseudo-clinical characterization of rats under high-fat diet 

with respect their controls allows us to focus on the first events in the 

progression of the disease and to possibly discover potential new early 

biomarkers. Our study shows the first clinical alterations in body weight 

of rats under high-fat diet after six weeks of diet. The arterial blood 

pressure was altered after only three weeks, but only with clinical 

evidence in systolic pressure at twelve weeks of dietary intervention in 

adult male rats.On the other hand, the fecal microbiota co-metabolism 

showed big alterations after only three weeks of diet in the levels of 

acetate and butyrate, with the major disturbance in propionate at nine 

weeks. Moreover, the principal lipid alterations in serum happen between 
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six and nine weeks under high-fat diet. The rest of the metabolism in 

serum does not show remarkable alterations in the progression of the 

disease, except for acetate with differences at three weeks, creatines 

increased in HFD at nine weeks, or the metabolism of sugars. The clinical 

manifestations of the diet seems to be also gender-dependent. In adult 

female rats, the body weight does not show consistent differences 

associated to diet until twelve weeks of intervention. Moreover, lipid and 

sugar metabolism seems to be less altered in females than males. 

Furthermore, females exhibit gender-specific differences in 

phenylalanine and succinate at nine weeks of the diet, instead of the 

differences in acetate and creatines observed in males. 

6.1.2. Detection of early biomarkers of sub-clinical cardiometabolic 

disease in a high-fructose model of young male and female rats. The 

gender differences. 

Our results reveals that a fructose-enriched diet in young male rats 

induces the development of early stages of metabolic disease, showing 

high-blood pressure, dyslipidemia with hypertriglyceridemia, and 

decrease in HDL levels, hyperinsulinemia associated with type 2 

diabetes, and possibly NAFLD. All of these alterations are found after 16 

weeks of fructose supplementation. These data are consistent with those 

described by other authors on the model  (66, 160-162), which confirm 

the presence of clinical signs related to cardiometabolic disease. 

Furthermore, the metabolome of our male rats under fructose-enriched 

diet resembles that of rats treated with streptozotocin, as a positive control 

for insulin resistance both at global metabolome level and in specific 

metabolites. By comparison, the same fructose-enriched diet produces 

fewer alterations in young female rats, with only minor signs of 
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hypertension, and a moderate decrease in HDL levels after 16 weeks of 

dietary intervention. This fact evidences the gender differences in the 

response to dietary interventions reported previously both in our high-fat 

study and other works (163). 

Interestingly, and contrary to popular belief, a fructose-enriched diet 

seems not to be obesogenic in both males and females, as our results are 

not showing an increase in body weight. Although the mechanisms for 

obesity-independent metabolic disease associated to this type of diets are 

unclear, it seems that fructose only predisposes to obesity when it is 

mixed with a high-fat diet because it causes resistance to leptin in the 

animal (164). Moreover, the circulating leptin impacts satiety, food intake 

and fat storage and it could be related to insulin levels (165). All this 

could explain the absence of weight gain because of less food intake by 

our rats under fructose-enriched diet. For this reason, our results show an 

increase in leptin levels in serum of the fructose-enriched diet group in 

males, according to previous studies (107, 166). Simultaneously, the 

high-fructose diet does not produce differences in C peptide, as a 

precursor of insulin, although a trend to a slight increase is observed in 

males. 

Our analysis of inflammation markers does not show significant 

differences associated to the fructose-enriched diet in males. We did not 

observe alterations in many of the inflammatory serum circulating 

cytokines, as IL-1 β or PAI-1t, similarly to other previous studies by Yoo 

et al. (110). We could not detect TNF-α and Il-6 in our rats, sometimes 

altered with a caloric dietary intervention (166, 167). However, the levels 

of MCP-1, commonly associated with cardiovascular disease, were 

decreased in the high-fructose group, opposite to the reported results on 
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similar previous studies (111, 168, 169). In addition, the levels of NAC, 

as a circulatory marker of inflammatory processes, suggest that a high-

fructose diet is associated with moderate levels of inflammation, as in 

previous reports (170). The level of NAC is regulated in part by the 

metabolism of sugars and is altered with the metabolic abnormalities 

associated with insulin resistance and diabetes, such as hyperglycemia, 

hyperlipidemia, and hyperinsulinemia (118). As a consequence, the 

evidence in favour of an inflammatory dysregulation associated to 

fructose-enriched diet at early stages of life remains controversial. Our 

results suggest that the inflammatory processes associated with diet 

interventions may require new sets of biomarkers to be detected. 

The gut-blood barrier may be compromised under fructose-enriched 

diets. We show that high fructose consumption produces a decrease in the 

levels of occludin gene expression in the duodenum of young male rats. 

This fact suggest an increased gut permeability in young males rats at 16 

weeks after a high-fructose diet, characterized by disruption of the tight 

junction proteins, as researchers reported in different parts of the gut in 

rats (171, 172) and mice (173). This increased gut permeability could be 

closely related to microbiota alterations, metabolic dysregulation, obesity 

and inflammation (174).  

Alterations in the gut levels of the main SCFA (butyrate, acetate, and 

propionate) are able to decrease tight junction permeability (175). These 

SCFA could be produced by fermentation by gut bacteria of the fructose 

that has not been adequately absorbed  among other products (176, 177). 

In our fecal samples, we find a decrease in levels of butyrate + propionate 

after 16 weeks of high-fructose diet in males, whereas the levels of these 

metabolites increased in females, similarly to previous studies (167). This 
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fact could be related to microbiota dysregulation, gut permeability 

alterations and early stages of metabolic disease, as we observed in adult 

rats under high-fat diet. In line with our previous findings on the 

association between the levels of SCFA and the secretion of PYY, we 

observed that the high-fructose diet induces a moderate increase in the 

serum PYY levels of young male rats. 

The implication of the gut host-microbiota ecosystem in the development 

of the cardiometabolic disease was described previously in the section 

6.1.1 of this discussion of results. This study analyzes the influence of a 

high-fructose diet in the host-microbiota balance of young male and 

females rats. Our results show a very limited effect in this sense and 

reveals a slight imbalance in the phyla of the gut microbiome associated 

to high fructose consumption. The changes affect mainly the 

Firmicutes/Bacteroidetes ratio, with no significant differences, but with 

a trend to moderate decrease in the high-fructose group, as reported by 

some other studies (178-180). The decrease in Firmicutes/Bacteroidetes 

ratio found here differs to similar studies to obesity, as it was discussed 

before in the high-fat diet group, which can cause controversy. However, 

several factors may explain these differences. First, our model under 

high-fructose diet did not develop obesity. Second, we study young rats 

whereas most of the previous studies focus on adult or even old rats. 

Third, our rats ate food ad libitum and therefore they may balance the 

calorie intake and have a net food intake with less effect on microbiota 

ecosystem. In addition, some studies in  human populations did report no 

changes or even decreases in Firmicutes/Bacteroidetes ratio in people 

with different metabolic alterations (181, 182), suggesting that this may 

be associated to specific diseases or cardiometabolic risk factors. There 

is also some evidence that the changes in this ratio could be related to age 
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in the human population (183). It seems that further investigation 

regarding this ratio may be needed to obtain mechanistic insights and 

robust biomarkers.  

The products of microbiota co-metabolism can influence the host 

metabolism and health status beyond energy and lipid metabolism. This 

effect may be gender-specific. We found that fructose produces an 

increase in host choline levels after 16 weeks of enriched-fructose diet 

only in females. Choline can be converted into trimethylamine in the gut, 

which is in turn converted into trimethylamine n-oxide (TMAO) in the 

liver. TMAO has been linked to cardiovascular events and cardiovascular 

disease development (184). Moreover, choline is important as a precursor 

of acetylcholine, as a methyl donor in various metabolic processes, and 

for lipid metabolism. It is known that the lack of dietary choline can cause 

several disturbances in hepatic lipid metabolism, but the mechanism to 

produce liver injury has remained elusive (185). Choline can be oxidized 

to form betaine, which is a methyl source for many reactions. A 

deficiency of betaine is associated with metabolic syndrome, lipid 

disorders, and diabetes, playing a role in vascular and other diseases 

(186). The higher levels of choline in our female rats may be indicative 

of alterations in gut microbiota metabolism, gut permeability and maybe 

even early metabolic disorders. At the same time, the alteration of the 

levels of choline could carry on a dysregulation of diverse metabolic 

pathways which could trigger other metabolic consequences in the future. 

Our data shows that metabolome of serum, urine, and fecal extracts is 

strongly affected by a high-fructose diet in young rats. This point suggests 

that fructose feeding can intervene many metabolic pathways, and induce 

metabolic disorders, similarly to high-fat diets in adult rats. After 16 
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weeks of dietary intervention, young rats experienced alterations in serum 

circulating metabolites, mainly sugars (fructose and mannose) as a direct 

effect of the high intake of fructose. An alteration in fatty acids and 

cholesterol levels is also observed.  The main players in the development 

of these effects have been proposed in previous studies and include 

carnitine, which seems to play a relevant role in the development of the 

cardiometabolic disease, as well as choline, which can be converted into 

trimethylamine in the gut with the consequences described previously 

(184). Finally, the importance of o-phosphocholine is directly related to 

choline and the metabolic subsequent fate described above and can also 

be involved in the development of cardiometabolic disease.  

The fecal metabolome represents a snapshot of the gut bacterial 

metabolism. The main metabolites detected in fecal extracts include 

tryptophan, phenylacetate, valine and propionate. The decreased levels of 

tryptophan could be related to an excess of fructose in the gut, which 

could lead to fructose malabsorption associated with abnormal 

tryptophan metabolism (177). In urine, we can detect excreted host-

microbiota co-metabolites that reflect both changes in microbiota and 

impact in host metabolism. In urine from rats under high-fructose diet, 

we detected a decrease in succinate, taurine, lactate, urea, or hippurate 

among others. Accordingly to several previous studies, the decrease of 

these metabolites could be related to some specific metabolic disorders. 

Diabetic patients exhibit reduced levels of taurine in plasma (187) and 

some authors suggest that taurine supplementation can be beneficial for 

the cardiovascular system (188). Low concentration of urinary hippurate 

has been reported as a potential obesity biomarker (151, 189). A decrease 

in urea was reported in obese adolescents in a previous study (189). 

Lactate, on the other hand, is closely related to pyruvate and involved in 
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the TCA cycle and can also be produced by bacterial fermentation of 

carbohydrates. Succinate is also involved in the TCA cycle, and has been 

associated with  the production of inflammatory cytokines (190). 

Moreover, succinate is considered to play a critical role in mitochondrial 

metabolism, whose decrease was reported in the kidney of rats under high 

sugar diets (153). These metabolic alterations could be interesting for 

identifying metabolic profiles  in the development of cardiometabolic 

disease in young people. 

Finally, and similarly to the study on high fat diet, the longitudinal study 

allows us to see the progression of the disease, and to detect parallel 

metabolomic changes. By focusing on the first clinical manifestations of 

disease, we increase the potential to discover possibly potential early 

biomarkers. Our study reveals that the first clinical alterations induced by 

high fructose diet in young rats are in body weight and arterial pressure 

in young male rats after four weeks of dietary intervention. We observed 

that sugar metabolism is progressively altered after the first four weeks 

of the experiment. Moreover, the microbial metabolism of TMAO is 

altered after four weeks of dietary intervention whereas main signals for 

lipid metabolism and signals for NAC are altered at final stages after 

sixteen weeks of dietary intervention. We also found that some of these 

effects are gender-dependent and, for example, young female rats, only 

experience arterial pressure changes after sixteen weeks of high fructose 

diet. We also detected that in young female rats dimethylamine, and not  

TMAO, is altered after four weeks of high-fructose diet. 
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6.2. Can host-gut microbiota co-metabolism be studied by comparing 

metabolic profiles of pathogen-free housed rats versus conventional 

housing? 

This hypothesis has been studied through the development of objective 

A-2. 

6.2.1. Metabolic profile differences between high-fat model male rats 

in conventional and high-fat model male rats in SPF. 

Although the concept of genetic predisposition to cardiometabolic 

disease has been demonstrated in the past, it is clear that environment and 

lifestyle of an individual play important roles in the onset and 

development of cardiometabolic diseases. Obesity-related disorders have 

increased with unhealthy Western diets, sedentary habits, or reduced 

physical activity among others (191). It is important to study gene-

environment relationships in the development of the disease because 

genes do not function in isolation. They interact with physical, metabolic, 

and chemical reactions related to other genes in many regulatory, 

signalling and metabolic networks (192). The studies of Rajagopalan et 

al. (193) about gene-environment action provide evidence that not only 

diet and physical activity are involved in cardiometabolic disease, but 

also other environmental factors are involved, such as stress, cultural, and 

socioeconomic state and environmental pollutants which can accentuate 

the risk for development of cardiometabolic disorders. For instance, the 

environmental exposures to toxins are linked to metabolic disease and 

associated with IR and T2D (194). 

In the last years, the importance of host-microbiota co-metabolism 

studies has been emphasized. The analysis of metabolic parameters and 
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gut microbiota profiles revealed strong interactions between microbiota, 

diet, breeding site, and metabolic phenotype. Ussar et al (195) suggest 

that metabolic disorders are the result of complex interactions between 

genetic and environmental factors, including the gut microbial 

community. So, the interplay between different factors is crucial in the 

regulation of weight gain and insulin resistance, as well as in important 

alterations in the composition of the gut microbiota (196). The different 

environments-raising for an individual affect the composition of the gut 

microbiota since birth as it has been shown in genetically identical mice 

and fed with the same high fat diet. These differences in microbiota 

composition associated to environments-raising can impact the 

development of cardiometabolic disease (195). Moreover, it is worth 

mentioning that the initial microbiota composition of the host at birth is 

provided by the maternal environment (197) and breastfeeding plays an 

important role too (198). On the other hand, there is some evidence 

showing that the rat-housing conditions can produce metabolic alterations 

and changes in intestinal microbiota composition in experimental models 

(199, 200). For these reasons, we tried to elucidate the effect of diet-

environment interactions on host-microbiota co-metabolism of the 

cardiometabolic disease developed model by housing rats in two different 

enviroments: SPF and conventional. In our experiments, the results 

suggest that the impact of the high-fat diet in adult male rats housed in 

SPF environment produces a different sequence of events and a slight 

development of early stages of cardiometabolic disease, compared with 

male rats housed in a conventional environment. The male rats under 

high-fat diet in SPF exhibit no differences in body weight at 12 weeks of 

the diet with respect the counterparts in conventional housing. Moreover, 

there is no impact in arterial pressure, liver weight, glycemic levels, 



 

289 

 Discussion 

insulin, triglycerides, GPT, or HDL levels, so there is no evidence of the 

development of the associated disorders. Instead of this, there are altered 

GOT levels and VLDL cholesterol. In short, there seems to be no 

consistent clinical evidence of disease in rats under SPF and high fat diet. 

On the other hand, there are no differences in the hormones, cytokines, 

and chemokines measured, like leptin, c-peptide, PYY, Il-1β, PAI-1t or 

MCP-1, or NAC levels related to the metabolism of inflammation.  

However, the expression of TLR4 is increased in the high-fat diet males 

in SPF, similarly to male rats raised in conventional housing. This gen is 

involved in the proinflammatory cytokine production and intestinal 

permeability, as described above. Moreover, the expression of MyD88 is 

decreased in the high-fat diet group in SPF, contrary to the same group in 

conventional. This lack of MyD88 can cause metabolic disorders (117) 

and predisposition to glucose intolerance, liver fat accumulation, and 

inflammation (112). The decreased exposure to pathogen may influence 

the expression of MyD88. However, the mechanisms for explaining this 

finding are unclear. Our results about gene expression of these relevant 

genes reveal some alterations potentially related to cardiometabolic 

disease. 

Our data from microbiota profiling show an imbalance in the microbiota 

composition influenced by the high-fat diet in the adult male rats both in 

SPF and conventional housing. The changes are focused on the increase 

in Firmicutes/Bacteroidetes ratio, with statistically significant 

differences between diet groups, and with both an increase in Firmicutes 

and a decrease in Bacteroidetes. However, our findings expose a higher 

reduction in microbiota diversity in the high-fat diet group in SPF housing 

than in conventional housing. The measure of diversity helps us to 

understand the high impact of the effects of the high-fat diet in the gut 
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microbiota. Surprisingly, the microbiota diversity loss expressed as the 

Chao1 index is higher after high-fat diet in conventional housing than 

controls in SPF housing, which have a reduced microbiota per se because 

of their reduced pathogen environment-housing. Therefore, a detrimental 

high fat diet has higher impact in microbiota composition than a restricted 

exposure to bacterial organisms.  

The results of host-microbiota co-metabolism show different alterations 

under a high-fat diet in SPF compared with conventional housing. There 

is a decrease in the main SCFA with larger differences in SPF than 

conventional. The general metabolism shows that metabolome of serum, 

urine, and fecal extracts is different in the high-fat group from the control 

group in adult rats housed in SPF. In contrast to conventional housing, 

there are not many statistical differences between diet groups in SPF after 

12 weeks of high-fat diet. In serum, the high-fat diet produces a decrease 

of some metabolites involved in core metabolic pathways, like carnitine, 

choline, lactate, trimethylamines, o-phosphocholine, or pyruvate. In the 

fecal extract, the differences are focused on a decrease in acetate, and an 

increase in leucine and valine, and some alterations in unidentified 

metabolites. In urine, there are no differences between groups. Overall, 

these data demonstrates impact of SPF housing on bacterial gut 

communities although only limited changes on host-microbiota co-

metabolism. 

As in the other experiments of this work, the longitudinal study allows us 

to explore the progression of the development of the mentioned disorders 

and clarify the different disturbances in the variables across time. Our 

study shows no differences in body weight, but the results about body 

weight gain show a progressive increase. Because of the need for 
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maintain sterility in the SPF housing, we only measured arterial blood 

pressure at the final point, before sacrifice, with no differences between 

groups.  Despite lack of clinical evidence for metabolic disorders in our 

SPF model, the fecal microbiota metabolism shows big alterations 

associated to diet and housing. We observed decreased levels of several 

metabolites, like acetate, propionate, and butyrate, after only three weeks 

of high fat diet. Also, differently to conventional housing, butyrate, 

dimethylamine, and TMAO in serum were decreased in the high-fat diet 

group after six weeks of experiment. As mentioned before,  TMAO is a 

molecule produced from choline, betaine, and carnitine metabolism by 

means of the gut microbial metabolism. The levels of TMAO have been 

related to the risk of cardiometabolic disorders. Usually, the high levels 

of this metabolite are associated with the risk of cardiovascular events 

(46, 47, 201, 202). However, it is unclear if levels of TMAO are beneficial 

or detrimental because some population studies gave contradictory 

results. In fact, TMAO has been observed to increase after beneficial 

interventions like bariatric surgery.  In our study, the rats under high-fat 

diet show a decrease in the TMAO levels.  

The rest of the serum circulating metabolites evaluated do not show great 

differences in SPF. Only the levels of lactate, acetate, alanine, and 

fructose are different between diet groups after six weeks of intervention.  

In short, the host-microbiota co-metabolism present differences 

associated to different housing modalities, due to the environment, which 

cause in turn different development of metabolic disorders. In specific, 

the rats under a high-fat diet in SPF do not show important differences in 

clinical parameters, although host-microbiota co-metabolism is altered 

after only three weeks of high fat diet.  
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6.3. Can the modulation of the microbiota prevent and reduce the 

impact of the cardiometabolic disease on the host? 

This hypothesis has been studied through the development of objectives 

A-3 and A-4. 

6.3.1. The modulation of the microbiota by the diet supplementation 

with probiotics (Bifidobacterium sp.). 

The manipulation of gut microbiota through dietary supplementation 

might restore gut functional integrity and reverse dysbiosis that is 

characteristic of metabolic disorders. Probiotics are microbial dietary 

supplements used as beneficial mediators in the management of several 

diseases, including cardiometabolic disease. Many studies have 

demonstrated the beneficial effect of probiotics in metabolic disorders, 

such as obesity or diabetes mellitus (203, 204). Most studies about dietary 

interventions with probiotics supplementation were based mainly on 

Bifidobacterium sp. and Lactobacillus sp. (205, 206). We have used a 

Bifidobacterium sp. in our experiments because its wide availability and 

its demonstrated safety. In our results, we observed that the 

administration of a high-fat diet for 12 weeks combined with a probiotic 

supplement still results in significant clinical and metabolic alterations in 

rats, compared with the control and high-fat diet group. Interestingly 

these effects of probiotics are gender dependent and different in male and 

female rats. Our results show that probiotic intake moderately ameliorates 

the metabolic disorders produced by the high-fat diet in males. Probiotics 

treatment encompasses a reduction in body weight, BMI, systolic and 

diastolic pressure, glycemia, and triglyceride in males. 

The improvement of these parameters can reduce the risk of severe 

cardiometabolic disease, which is consistent with previous studies about 
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probiotics interventions in animal models (207-210). By contrast, females 

under a high-fat diet with a probiotics supplement have not shown the 

same effects in these clinical parameters to improve the metabolic 

disorder. We have observed no differences in female rats for the 

combined high-fat diet with probiotics group, compared with the high-fat 

diet group in the following variables, arterial pressure, abdominal 

perimeter, BMI, glycemia, triglycerides, cholesterol, or insulin. In 

contrast, we observed an increase in body weight and liver weight in the 

high-fat diet with probiotics group with respect the high-fat diet group. 

We observed gender differences in the previous diet-experiments. 

However, in this experiment we show that probiotics treatement can be 

beneficial only for male rats, which in turn experienced stronger 

metabolic alterations after high fat diet. As it has been reviewed by 

Harreiter and Kautzky-Willer (211), sex hormone imbalances can be 

associated with a higher risk of development of metabolic disorders, such 

as type 2 diabetes. These associations were also demonstrated in different 

studies with probiotics in animal models, with sex-specific results (212-

215). 

Probiotics play an important role in the modulation of gut microbiota and 

immune responses in the host (216). However, our results do not report 

changes in the proinflammatory cytokines and hormones measurements 

in both, males and females, in the high-fat diet with probiotics group. 

Remarkably, and maybe related to the previous observation, our high-fat 

diet model has neither shown changes in these analyte measures, as it was 

seen in previous chapters (see cap 6.1.1.). The preliminary results of gut 

microbiota profiling reveal a different DGGE band pattern in the high-fat 

diet with probiotics group with respect the other groups. This banding 

pattern shows also a gender-specific trend and is different in male rats 
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and female rats. This result suggests that probiotics can produce 

alterations in the gut microbiota and this changes can be beneficial in the 

management of cardiometabolic disease in males. However, more 

research is necessary to explore the specific changes of the microbiota 

associated with specific probiotc treatments. 

The metabolome results allow us to identify some clear differences 

between groups, in both males and females, mainly in fecal samples. This 

fact may be due to the intermediate values present in the high-fat with 

probiotics group, in some variables, so the metabolome of high fat diet 

supplemented with probiotics group is midway between the control group 

and the high-fat diet group. Moreover, the discrimination between groups 

shows us the principal differences in fecal samples, allowing us to 

highlight the importance of the gut microbiota and their metabolism in 

evaluating the effect of probiotic treatments. 

Our results show the different effects of the probiotic with different 

progression between males and females in the clinical parameters, as it 

has been commented previously. The males with a high-fat diet and 

probiotics exhibit a progression of intermediate values between control 

and high-fat diet, contrary to females. The remarkable impact of the 

probiotic intake in the fecal SCFA is very evident in male rats. The male 

rats supplemented with probiotics exhibit intermediate values of acetate, 

propionate, and butyrate, closer to the control group. This fact could be 

indicative of the effect of probiotic trying to revert the gut microbiota 

changes induced by the high-fat diet. Our results are according to the 

previous reports that confirm the effectiveness of probiotics in preventing 

and treating intestinal dysbiosis and their effect leading to an increase in 

SCFAs content, principally acetate, which is produced by 
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Bifidobacterium (217). The modulation of SCFA by probiotics observed 

in male rats is not detected in female rats. 

6.3.2. The modulation of the microbiota by the fecal microbiota 

transplantation. 

Fecal microbiota transplantation has been proven to transfer disease 

phenotypes between individuals and has been postulated as a potential 

therapeutic approach to many diseases including cardiometabolic disease. 

However, the practical application of this approach is highly complex and 

controversial. The modulation of the gut microbiota through the fecal 

microbiota transplantation might restore the intestinal dysbiosis 

developed in the metabolic disorders and microbiota-associated diseases.  

Many studies have verified the beneficial effect of fecal microbiota 

transplantation in the treatment of Clostridium difficile infection, and 

recent studies suggest the use of this therapy to treat other different 

disorders, like inflammatory bowel disease or metabolic syndrome (218, 

219). Some of these last studies report the use of fecal microbiota 

transplantation  in cardiometabolic related disease (220-222). 

Our pilot study shows that there are no differences between the fecal 

microbiota transplantation from control donors or high-fat diet donors  

with respect to clinical parameters, cytokines, metabolism, or gut 

microbiota. Only the expression of TLR4 in the liver present some 

difference between transplanted from different donors. The TLR4 levels 

are increased in the fecal microbiota transplanted from high-fat diet 

donors, following the same direction of the donor group. Moreover, it 

seems to be a slight trend to increase blood diastolic pressure, without 

any statistical differences, following the same line as the donor group. 

The implementation of therapy based on fecal microbiota transplantation 
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is highly challenging, due to some variables, like the donor selection and 

preparation, the sample handling, the mode of administration, the 

possibility of colonization resistance, and other adverse effects (28). In 

some studies an antibiotic treatment before the fecal microbiota 

transplantation is performed to help the bacterial colonization (223-225). 

We did not perform an antibiotic treatment pre-transplantation in our 

study, which can affect the results. Furthermore, there are some studies 

that use fresh fecal samples from the donor (226, 227) for the transplant. 

In our case, we use frozen samples from the donor, which maybe can 

affect the survival of specific microorganisms in a differential manner. 

Another important feature is that the number of individuals used in our 

study is too short, because it is a pilot study, so maybe it is convenient to 

expand the study with a higher number of rats. In short, our pilot study 

with fecal microbiota transplantation  do not report differences associated 

to donors. This may be due to the high resilience of gut microbiota to 

foreign species. In fact, it is noteworthy that a diet enriched in fats or in 

fructose has higher impact in microbiota composition than the direct 

colonization by a foreign community, like a transplant. Most of the 

experiments on fecal microbiota transplantation reported in the literaure 

starts from a clean recipient either because they were grown in germ free 

enviornments or because they were treated with antibiotics. This makes 

the real application of fecal microbiota transplantation very difficult. We, 

in contrast, preferred to start from a normal recipient with its intact 

original microbiota. Our results suggest that fecal microbiota 

transplantation may only work if original microbiota is removed. 

However, we still need additional studies to determine the potential 

modulation of the microbiota by fecal microbiota transplantation  and its 

consequences in future developments. 
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6.4. Can the chemometric analysis of the metabolic profiles combined 

with clinical parameters and taxonomy of microbiota help in the 

detection of new subgroups of patients sensitive to modulation of the 

microbiota or cardiometabolic disease? 

This hypothesis has been studied through the development of objective 

B-1. 

6.4.1. The validation of the early biomarkers of metabolic disease in 

young rats in the general children population. 

These results represent a preliminary proof of concept for the application 

of host-microbiota co-metabolism studies in the management of human 

cardiometabolic disease. The application to young individuals is specially 

intesresting because of the current epidemic on children obesity. In our 

study, the principal metabolites identified as potential biomarkers in 

young rats were fructose, mannose, FABCH2, FA=CH-CH2-CH, 

FA=CH2, carnitine, NAC, cholesterol, lactate, o-phoshpocholine, myo-

inositol, asparagine, proline, acetone and choline in serum. We measured 

and analyzed blood metabolome of a children cohort to detect alterations 

in these metabolites potentially related to insulin resistance and 

detrimental lifestyles or dietary habits. Our results in the children cohort 

show detectable and quantifiable changes in fatty acids, mannose, amino 

acids (arginine, glutamine, glutamate, proline, leucine, and tyrosine), 

pyruvate, fructose, and microbial cometabolites (dimethylamines) related 

to the onset and progression of insulin resistance. The metabolic markers 

of inflammation (NAC) were also altered in those with insulin resistance. 

These metabolic signature shares several metabolic biomarkers with 

those detected in rats under high-fat diet and could be used to identify 

children at risk. Although rat metabolism differes significantly from 
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human metabolism, we detected a set of common metabolic alterations in 

the onset and progression of subclinical metabolic disease. Beyond host 

metabolic differences, some gut microbiota alterations and subsequent 

bacterial metabolism shifts may underlie these common features in a 

host-independent manner. The identification of these metabolites could 

be useful to implement future strategies of early detection of 

cardiometabolic disease in young individuals. More studies in the human 

population will be required to characterize the range of levels of these 

metabolites in healthy or unhealthy conditions 

6.4.2. Potential implications of our findings for human metabolic 

disease management. 

Our results demonstrate a clear association between microbiota alteration, 

host metabolism dysregulation and dietary patterns. We found that some 

dietary patterns, namely high fat diets, have strong influence on the gut 

bacterial ecosystem whereas other, namely high fructose diets, have 

moderate or no effect on microbiota composition. These differences in 

the impact of dietary habits on microbiota composition open new 

questions and emphasize the importance of extensive host 

characterization at both molecular and metadata levels in the application 

of personalized medicine in cardiometabolic diseases. Additionally, we 

found that detrimental diets have stronger impact on microbiota 

composition than restricted exposure to bacterial communities, namely 

SPF housing. Overall, this study suggests that probiotics may be an 

effective therapeutic approach for cardiometabolic disease associated 

with high-fat diets but maybe no so effective when the disease is 

associated with high sugar diets. High sugar intake has stronger impact 

on host metabolism and later microbiota dysbiosis may be the result of 
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the interaction between an altered host metabolism and the bacterial 

communities. Metabolic profiling by NMR, which is cheap, robust, 

reproducible and accessible, can differentiate between these two dietary 

patterns and may help in selecting optimal therapeutic approaches, 

stratifying patient risk and monitoring treatment outcomes. 

We were very interested in the sequential line of events in the progression 

of cardiometabolic disease to extract potential cause-effect relationships 

and to elucidate some initiating factors in the disease. By extensive 

longitudinal characterization of our rat diet models, we obtained a 

enormous amount of data, whose analysis goes beyond the extent of a 

doctoral thesis and will take most of the upcoming years. In this work, we 

presented the most relevant findings and data related to the main 

objectives of the thesis but it is obvious than many more hypotheses can 

be tested against our data. However, the time line of changes observed in 

microbiota composition by DGGE, in bacterial metabolism and host 

metabolism by NMR and in clinical parameters show that in rats under 

high fat diet, microbiota changes precede host metabolic shifts. We 

observed changes in DGGE patterns and in fecal SCFA metabolic 

profiles in early weeks after starting the high fat diet. Metabolic changes 

in the urine of the same animals came later and in more moderate 

extension, although in a sex-dependent manner. Changes in blood 

metabolic profiles associated with the high fat intake were present only 

at the end of the experiment and in moderate extension, suggesting that 

even after long exposure to high fat diet, rats only experience moderate 

subclinical cardiometabolic disease. Although the implications for 

management of human disease are unclear, we can expect probiotics to 

be more effective in early stages of the disease and less efective when 

host metabolism and host-microbiota cross-talk are dysbalanced at later 
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stages of disease. Overall our work demonstrates that the association 

between host-microbiota co-metabolism and cardiometabolic disease is 

highly dependent on dietary patterns, sex, environmental exposure to 

bacterial communities and age. These dependences and the metabolic 

effect of these multiple factors can be detected by NMR metabolomics. 

Metabolomics profiling may be an effective way for improving 

cardiometabolic disease clinical management and patient risk 

stratification. 
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7. CONCLUSIONS 

Specific conclusions. 

1. High-fat diet produces alterations in physiological and 

biochemical parameters of rats, showing the development of 

early stages of cardiometabolic disease in adult male and female 

rats. These alterations are different in males and females 

indicating the evidence of gender differences in the development 

of these diseases. 

2. C peptide act as a precursor of insulin, so it is associated with the 

early stages of cardiometabolic disease. Therefore, there is no 

evidence of significant alterations in insulin, but its precursor 

starts to be altered after 12 weeks of high-fat diet. 

3. The early cardiometabolic disease model does not show 

significant alterations in inflammatory serum circulating 

cytokines but exhibits some differences in TLR4 and MyD88 

genes involved in the mediation of the immune response and the 

proinflammatory cytokine production. This fact evidences the 

preclinical early stage of the disease in our high-fat model. 

4. The high-fat diet produces an imbalance in the gut microbiome 

with a decrease in microbiota diversity. This imbalance produces 

an increase of Firmicutes species and a decrease of Bacteroidetes 

species. 

5. The specific changes in the host-microbiota co-metabolism 

produced by the high-fat diet are demonstrated by an alteration 
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in the SCFA levels. Specifically, the high-fat diet produces a 

decrease in butyrate, propionate, and acetate in fecal samples, 

from the first weeks. 

6. The high-fat diet involves alterations in serum circulating host 

metabolism, associated with unknown metabolites in males, and 

glycine in females. However, the main metabolic changes 

induced by high fat diets in the host are detected in urine and 

feces. 

7. The first metabolic alteration in the progression of the disease in 

the high-fat model affects the SCFA levels in fecal samples, and 

it is concomitant with gut microbiome changes detected by the 

band pattern disturbance observed in DGGE of fecal DNA. 

8. High-fructose diet is not obesogenic but produces an early stage 

of cardiometabolic disease in young rats, with gender 

differences. 

9. The alterations produced by the high-fructose diet do not include 

changes in proinflammatory serum circulating cytokines, but it 

includes a decrease in the levels of occludin in the gut, suggesting 

an increase in gut permeability. 

10. The alteration in the gut microbiota of the high-fructose diet 

group is different to that observed in the high-fat diet group. The 

high-fructose diet produces a moderate change in microbial 

composition in the microbiome with a slight decrease in the 

Firmicutes/Bacteroidetes ratio. 
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11. The serum circulating metabolome shows that a high-fructose 

diet produces an alteration in sugars (mainly mannose) and fatty 

acids, as well as in metabolites related to microbial metabolism 

as carnitine, choline, or o-phosphocholine, which evidences the 

importance of the host-microbiota co-metabolism. 

12. The high-fructose diet produces alterations in TMAO levels in 

circulating serum in male rats, at the first stages of the 

progression of the disease. 

13. The administration of a high-fat diet to rats in a SPF environment 

shows that the high-fat diet has a greater impact on bacterial 

diversity than restricted exposure to bacterial communities. 

14. Fecal microbiota transplantation does not induce significant 

differences in the development of the cardiometabolic disease. 

15. The administration of probiotics to rats under a high-fat diet 

ameliorates the negative effects of the diet in a sex-specific 

manner. 

16. The analysis of the metabolome and microbiome provides a good 

approach to study the progression of cardiometabolic disease, to 

identify early disease and to predict response to probiotics. 

17. Metabolomics by NMR helps in the identification of new 

biomarkers of the early stages of the disease, which can detect 

the sub-clinical cardiometabolic disease. 
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Final conclusions. 

In the light of results obtained in the present thesis, the main remarkable 

findings are as follows: 

1. HFD induces subclinical cardiometabolic disease after 12 weeks 

in adult rats, whereas HFR induces subclinical cardiometabolic 

disease after 16 weeks in young rats. The alterations produced by 

the diets are different in males and females in both HFD and 

HFR. 

 

2. Changes in host-microbiota co-metabolism appear in the early 

stages of cardiometabolic disease, in both HFD in adult rats and 

HFR in young rats. These changes can be detected by 

metabolomics. 

 

3. Microbiota diversity may be involved in a shift of metabolic 

cores under HFD or HFR. These high-caloric diets produce a 

decrease in microbiota diversity in rats stronger in HFD than in 

HFR. Moreover, this microbiota diversity is more influenced by 

the diet than an SPF environment. 

 

4. The probiotics supplementation ameliorates the effect of high-

calorie diets, with gender differences. 

 

5. Metabolomics can provide biomarkers for monitoring the 

progression and the early detection of CMD, which could help 

the clinical diagnosis and patient management and could prevent 

the development of severe stages of the disease. 
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