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ABSTRACT 

The gastrointestinal tract processes around 60 tonnes of food in a lifetime. This, 

together with all the microorganisms that colonise it (gut microbiota), pose a 

threat on its integrity. Science, studies how to modulate the gut microbiota, 

through different foods or pharmaceutical products to induce a healthier 

microbiota profile. These modulatory tools are mainly prebiotics and probiotics, 

for having the potential to improve its composition and function. Another tool 

are the postbiotics, defined as metabolic by-products of probiotics, which do not 

require live bacteria to be administered to the host, being more stable. Among 

them, SCFAs are the most popular ones, having a wide range of health benefits. 

The consumption of prebiotics and probiotics can promote the production of 

SCFAs, highlighting the importance of a healthy and varied diet. The scope of 

this work lies on specific foods, rich in phytochemicals and fibres, and how, 

through gut microbiota modulation, may help to fight and prevent the onset of 

metabolic disorders and obesity. The results show increased levels of probiotics 

following an increased consumption of plan-based foods. Furthermore, a high 

intake of fibre promotes fibre-degrading bacteria, increasing the output of 

SCFAs. However, the effects of these increased bacteria vary depending on the 

specific species, strains, and individual contexts, therefore it is hard to get final 

conclusions for everyone. 
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The BIOTAGUT project 

This thesis comes from an industrial project called BIOTAGUT, formed by a 

consortium of seven Spanish food companies in collaboration with several 

research centres. The goal of the project was to design ingredients and foods, 

within the Mediterranean diet (MD), that have the potential to remodel the 

human gut microbiota towards a healthier status. These foods and ingredients 

might be used as preventive measures or even therapeutic tools against metabolic 

pathologies, which have a high prevalence in the Spanish population nowadays. 

The project starts with the identification of a "healthy microbiome profile” in the 

Spanish population, and the evaluation of specific MD food groups with 

modulatory effect on the microbiota, using in vitro and in vivo methods. The 

project also pursues to study the interactions between certain food components 

and specific bacterial species from the human gut microbiota, that produce 

postbiotic metabolites, with a potential healthy effect. This approach was the first 

step to a further development of new products (ingredients, prebiotics, probiotics 

and postbiotics) that can be used in the prevention or treatment of obesity and its 

comorbidities. The project allowed the participating companies to produce new 

foods, with the capacity to modulate the intestinal microbiome towards a 

healthier profile. The synergies produced between the companies, each focused 

on different types of food, allowed a better achievement of this objective. All the 

data generated during this process, together with the collaboration with the 
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consortium companies and the specialized research centres, allowed the 

elaboration of this thesis. 

Human gut microbiota 

The gastrointestinal tract constitutes the second largest body surface area, 

between 250 and 400 square meters, similar in size to a tennis court. In average, 

around 60 tonnes of food are processed through the gut in a lifetime. This, 

together with all the microorganisms that colonise it, pose a threat on its integrity 

[1]. Gut microorganisms are a mixture of bacteria, archaea, fungi, and viruses, 

commonly known as “the gut microbiota” (formerly called “intestinal flora”) and 

has been evolving with the host for over thousands of years to form a symbiotic 

relationship [2]. However, when this fragile ecosystem is unbalanced, it may tip 

the balance between mutualism, commensalism, and parasitism [3], 

compromising the gut integrity, causing various gastrointestinal and 

extraintestinal diseases, including food allergies and intolerances that are 

increasingly common among the population nowadays [4]. It is now well 

established that the composition and diversity of gut microbiota play a crucial 

role in human health and disease. Factors such as diet, age, genetics, geography, 

and medication have a great influence [5]. In this thesis we will be focusing on 

the modulatory effect that diet can have on the microbiota and how this may be 

conditioning the overall health status. First, it is necessary to deepen in the 
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microbiota knowledge and in those diet components strong enough to have a 

modulatory effect that may help to shape it towards a healthier profile.  

Among the organisms present in the gut microbiota, bacterial species are the 

most abundant, and the two dominant phyla are Firmicutes (Bacillota) and 

Bacteroidetes (Bacteroidota). Other phyla less abundant, including 

Actinobacteria (Actinomycetota), Proteobacteria (Pseudomonadota), and 

Verrucomicrobia (Verrucomicrobiota), play essential roles in the gut microbiota's 

overall function. The composition of the gut microbiota can vary significantly 

among individuals, but some of the most common bacterial genera in healthy 

individuals are Bacteroides, Prevotella, and Faecalibacterium [6]. Dysbiosis is a term 

used to describe an imbalance in gut microbiota composition and recent studies 

have shown that alterations in its bacterial composition are associated with 

various diseases, including metabolic disorders, autoimmune diseases, allergies, 

and even certain types of cancer [7–9]. For instance, a high Bacillota to 

Bacteroidota ratio has been previously associated with obesity, while a low ratio 

has been associated with better glucose metabolism [10]. The gut microbiota 

interacts with the host through various mechanisms, including nutrient 

absorption, production of short-chain fatty acids (SCFAs), modulation of the 

immune system, and regulation of gut motility. SCFAs, such as acetate, 

propionate, and butyrate, are produced by the fermentation of dietary fibre by 

the gut microbiota and play a crucial role in maintaining gut integrity, 
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modulating the immune system, and regulating gut motility. The gut microbiota 

also helps to maintain gut barrier function, preventing the entry of harmful 

pathogens into the bloodstream [11]. However, this delicate relation seems to be 

losing its balance, as intolerances, allergies and gastrointestinal discomfort are 

increasing among population. Current dietary habits and modern lifestyle seems 

to be threatening this symbiotic relation for several reasons.  

Human genetics has barely changed since the appearance of the Homo sapiens 

sapiens, however industrial revolution together with the intensive agriculture and 

the development of food-processing techniques have occurred too fast to allow 

an evolutionary adaptation of the human-microbiota interaction, having 

important implications for health such as an impaired resistance to disease [12]. 

In western countries these changes in food habits have been more dramatic, 

following an increase of refined sugar consumption up to 45 kg per individual 

per year in the United States [13]; a 10-fold increase in sodium; 4-fold increase in 

saturated fat, doubling the cholesterol intake, together with a reduced 

consumption of vegetable fibres, known for having a hypo-cholesterolæmic 

effect, specially gels from fruit and vegetables, such as pectin and guar gum [14]. 

There is also a reduction of mineral intake, such as potassium, magnesium, 

calcium and chromium and a considerable reduction of omega-3 fats, membrane 

lipids, vitamins, and antioxidants. Therefore, it is not surprising to see an increase 

in more severe gut affections, such as inflammatory bowel diseases (IBDs) and 

cancer. 
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Furthermore, in contrast with ancient methods of food preservation through 

natural fermentation, enriching the food with a great among of the so-called 

probiotic bacteria, modern lifestyle has dramatically reduced the number of 

bacteria present in the food, through extensive hygiene measures and sterile 

environments for the commercially manufactured food. Nowadays, bacteria are 

generally regarded as a source of disease, an unwanted organism. This extreme 

hygiene measures surrounding our lifestyle cause a lame development of the 

protective gut flora, which could relate to the increased incidence of food 

intolerances, allergies and infections seen in Western children [15, 16]. For this 

reason, science is studying how to enrich this impoverished microbiota, through 

different foods or pharmaceutical products that can provide prebiotics and 

probiotics to help induce a healthier microbiota profile. From among this 

microbiota enhancers (prebiotics and probiotics), there is a less known element, 

which is attracting more and more attention, the postbiotics. 

Gut microbiota: prebiotics vs probiotics 

Prebiotics and probiotics are often confused, but they are distinct entities with 

different functions. Prebiotics are non-digestible food ingredients that selectively 

stimulate the growth and activity of beneficial microorganisms in the gut. 

Prebiotics include fructo-oligosaccharides (FOS), inulin, galacto-oligosaccharides 

(GOS), and resistant starch, among others [17]. Probiotics, on the other hand, are 

live microorganisms that when consumed in adequate amounts, confer a health 
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benefit on the host [18], including species of the genera Lactobacillus and 

Bifidobacterium, among others. 

Prebiotics and Probiotics effect 

Prebiotics have been shown to modulate the composition and activity of the gut 

microbiota [19]. A study by Bindels et al. (2015) showed that inulin-type fructans, 

a type of prebiotic, increased the abundance of Bifidobacteria and butyrate-

producing bacteria in the gut, leading to improvements in gut barrier function 

and reducing inflammation [20]. Similarly, a study by Vandeputte et al. (2017) 

showed that prebiotic supplementation increased the abundance of beneficial 

bacteria in the gut, leading to improvements in gut health and metabolic function 

[21]. 

Probiotics have also been shown to modulate the gut microbiota, with some 

species associated with improved gut health. For example, Bifidobacteria and 

Lactobacilli have been shown to improve gut barrier function and reduce 

inflammation, among other benefits [22]. A study by Kim et al. (2018) showed 

that probiotic supplementation with a mixture of Bifidobacteria and Lactobacilli 

improved gut barrier function and reduced gut inflammation in patients with 

IBD [23]. However, not all probiotic species confer health benefits, and some may 

even have negative effects on the gut microbiota [24]. 
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In addition to these two well-known genera, there are other bacterial species that 

have been studied for their potential probiotic properties. Here are some 

examples: 

• Streptococcus thermophilus: this bacterial species is commonly used in the 

production of fermented dairy products and has been shown to have 

beneficial effects on gut health. S. thermophilus can improve lactose digestion, 

reduce inflammation, and enhance immune function [25]. 

• Bacillus coagulans: a spore-forming bacterium with beneficial effects on 

digestive health, including improving symptoms of irritable bowel syndrome 

and reducing inflammation [26]. 

• Escherichia coli Nissle 1917: this strain of E. coli has probiotic properties, 

including the ability to improve symptoms of ulcerative colitis and reduce 

inflammation [27]. 

• Enterococcus faecium: it enhances immune function and reduce inflammation 

[28]. 

• Lactococcus lactis: species commonly used in the production of fermented 

dairy products. It enhances immune function and reduces inflammation [29]. 

It is worth noting that not all strains of these bacterial species have probiotic 

properties, and that the efficacy of probiotics is strain specific. Therefore, it is 

important to carefully select and evaluate the specific strains of bacteria used in 

probiotic formulations. 
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Postbiotic: The Future of Probiotics 

Probiotics have been extensively studied for their potential to improve gut 

microbiota composition and function, however, they are not without limitations, 

such as poor survival rates during transit through the gastrointestinal tract and 

limited efficacy in certain populations. For this reason, in the last years the 

concept of postbiotics has emerged. On one hand, they are officially defined as a 

preparation of inanimate microorganisms and/or their components that confers 

a health benefit to the host [30]. One example is Akkermansia muciniphila, that has 

beneficial effects mediated by its outer membrane protein Amuc_1100 [31] or its 

secreted protein P9 that stimulates GLP-1 secretion [32]. On the other hand, 

postbiotics, have been defined as metabolic by-products of probiotics. Defined as 

"bioactive compounds produced by probiotic bacteria during the fermentation of 

dietary substrates"[33]; could be SCFA, antimicrobial peptides, and vitamins, 

among others, being the SCFA the most popular ones. Unlike probiotics, 

postbiotics do not require live bacteria to be administered to the host. This feature 

allows them to be more stable and have a longer shelf life. Postbiotics are also 

resistant to gastrointestinal conditions, making them more effective in delivering 

health benefits to the host [34]. They have a range of health benefits, including: 

• Improved gut health: improve gut microbiota composition and function, as 

well as alleviate symptoms of gut disorders such as irritable bowel syndrome 

and IBD [35]. For example, it is reported that Bifidobacterium and Clostridium 
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residing in the gastrointestinal tract convert the nutritional fibers into SCFAs 

that provide 10% of the body energy [36]. In addition, in patients with Crohn 

disease the removal of carbohydrates from the nutrition schedule improved 

the disease outcome, suggesting a role for microbial fermentation in the 

pathogenesis of the disease [37]. 

• Enhanced immune function: modulate immune function by promoting the 

growth of beneficial gut bacteria and reducing inflammation [38]. 

• Anti-cancer properties: some postbiotics, such as butyrate, have been shown 

to have anti-cancer properties, potentially by inhibiting the growth of cancer 

cells and promoting apoptosis [39]. 

• Metabolic benefits: improve metabolic function, including glucose 

regulation and lipid metabolism [40]. For example, a study with mice, 

reported that dietary intake of the three major SCFAs, acetate, propionate, and 

butyrate, protected against high fat diet-induced obesity, and improved 

hepatic metabolic conditions via FFAR3 (free fatty acid receptor), 

demonstrating that SCFAs have anti-obesity effects and could be used to 

improve metabolic conditions [41]. 

• Skin health: improve skin health by reducing inflammation and enhancing 

the skin barrier function [42]. 

Despite their promising potential, research in this field is still in its early stages. 

Many studies have been conducted in vitro or in animal models, but there is a 



Introduction 

10 

lack of human clinical trials to support their efficacy. Furthermore, there is 

currently no standardized method for the production or identification of 

postbiotics, which makes it challenging to compare and reproduce study findings 

[43]. 

SCFA as postbiotic metabolites 

SCFA are organic acids with a carbon chain length of one to six carbons. As 

mentioned before, the main ones in the human gut are acetic acid (two-carbons), 

propionic acid (three-carbons), butyric acid (four-carbons) and valeric acid (five-

carbons) [44] and they are produced by gut bacteria through the fermentation of 

non-digestible carbohydrates and fibres such as resistant starch, inulin, and 

oligosaccharides [45]. The main bacterial species involved in the production of 

SCFAs are in the Bacillota and Bacteroidota phyla [46]. These organic acids act as 

signalling molecules in the gut, regulating various physiological functions [47], 

promote gut motility, stimulate the release of gut hormones, and improve insulin 

sensitivity [48, 49]. SCFAs have also been shown to play a vital role in the 

maintenance of gut health by promoting the growth of beneficial gut bacteria and 

inhibiting the growth of pathogenic bacteria [50]. Their increased production has 

been associated with a reduction in the risk of various gastrointestinal diseases, 

including IBDs and colorectal cancer [51, 52]. Furthermore, SCFAs have been 

shown to have anti-inflammatory effects in the gut, reducing the production of 

pro-inflammatory cytokines and improving gut barrier function [53]. These anti-
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inflammatory properties have also been linked to improvements in other 

inflammatory conditions such as asthma and allergies [54]. The consumption of 

dietary fibres and probiotics can promote the production of SCFAs in the gut, 

highlighting the importance of a healthy and varied diet.  

Diet and metabolic health 

Diet plays a critical role in maintaining overall health and well-being. Numerous 

studies have emphasized the significance of dietary patterns in the prevention 

and management of chronic diseases, such as cardiovascular disease, obesity, and 

diabetes [55–57]. Probably the most popular and the one that best represents a 

healthy and well-balanced diet is the Mediterranean diet, characterized by high 

intake of fruits, vegetables, whole grains, legumes, fish, and olive oil, consistently 

associated with a reduced risk of cardiovascular disease [58]. In a review from 

2020, the MD is associated with a reduction of all-cause mortality. In particular, 

the microbiota of subjects with a Mediterranean-type diet is significantly 

different from that of subjects with a Western food model. The Mediterranean 

microbiota would produce more SCFAs that should be able to contribute on the 

reduction of the risk of both cardiovascular and some tumour pathologies. The 

review explored the modulation of the human microbiota, in response to MD 

adherence, focusing the attention on polyphenols, polyunsaturated fatty acids 

(PUFA) ω-3 and fibre [59]. Another review from 2021 concluded that MD can 

modify the gut microbiota in a way that is beneficial to host health, through the 
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increases in the relative abundance of SCFA-producing bacteria that are 

considered to possess anti-inflammatory properties [60]. However, this dietary 

pattern does not consistently alter microbiota composition or metabolism due to 

the heterogeneity between study populations, analysis methods, duration and 

characterization of MD and the limited approaches that have been used to 

characterize the complex ecosystem that constitutes the large bowel microbiome. 

Further, given the differential effects of individual components of the MD on the 

gut microbiota, there is a need for a standardization of the composition of 

experimental MD interventions and of the scoring methods used to assess MD 

adherence in observational studies [61]. Even thou there are many recognized 

healthy effects of the MD, this last study evidences the importance a correct 

contextualization and specification of the interventions, as “good for all” 

recommendations often do not apply to individuals. However, there are other 

similar diets, such as the Dietary Approaches to Stop Hypertension (DASH), that 

also emphasizes fruits, vegetables, whole grains, lean proteins, and low-fat dairy 

products [62], showing a similar pattern in the beneficial food groups. There are 

dietary factors that directly relate with specific diseases and conditions. For 

example, increased consumption of saturated fats, trans fats, and dietary 

cholesterol has been linked to an elevated risk of coronary heart disease [63]. 

Conversely, diets rich in omega-3 fatty acids, found in fatty fish, nuts, and seeds, 

have a protective effect against this condition [64]. A high intake of dietary fibre, 

particularly from whole grains, fruits, and vegetables, is related with a lower risk 
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of developing cardiovascular disease [65]. Furthermore, dietary choices have a 

significantly influence on body weight and the development of obesity. High 

consumption of energy-dense foods, such as sugary beverages and processed 

snacks, is positively associated with weight gain and obesity [66]. In contrast, 

diets rich in lean protein, whole grains, and high-fibre foods promote weight loss 

and weight maintenance [67]. 

Despite the concept of diet representing a wide range of different food groups 

and its proper combination, proportion and distribution, food nutrients have 

been extensively studied individually for their impact on health outcomes. For 

instance, calcium and vitamin D intake reduce risk of osteoporosis and fractures 

[68]. Adequate vitamin C intake is crucial for the prevention of scurvy and 

maintaining optimal immunity [69], as well as vitamin E and other antioxidants 

such as polyphenols, found in fruits and vegetables are linked to a lower risk of 

chronic diseases, including cancer [70]. 

Modulatory effect of diet on gut microbiota 

One important aspect of diet affecting the gut microbiota is the type of 

macronutrients consumed. For example, the intake of dietary fibre, is strongly 

associated with increased microbial diversity and the promotion of beneficial 

bacteria such as Bifidobacteria and Lactobacilli [71, 72]. Conversely, a low-fibre 

diet, common in Western diets rich in processed foods, prompts a reduction in 

microbial diversity and an imbalance in the gut microbial composition [73]. In 

addition to fibre, dietary fat composition also influences the gut microbiota. 
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Studies have demonstrated that a high-fat diet, particularly one high in saturated 

fats, can lead to alterations in the gut microbial community, favouring the growth 

of bacteria associated with inflammation and metabolic disorders [74, 75]. On the 

other hand, diets rich in unsaturated fats, have been associated with a more 

diverse and beneficial gut microbiota [76, 77]. Furthermore, the impact of protein 

intake on the gut microbiota has also been investigated: high-protein diets, 

especially those rich in animal protein, are associated with a decrease in microbial 

diversity and an increase in bacteria that produce potentially harmful metabolites 

[78]. In contrast, plant-based protein sources, such as legumes and soy products, 

favour the gut microbial profile [79]. There are other bioactive compounds 

present in foods, such as polyphenols, with the capacity to modulate the gut 

microbiota, acting as prebiotics or directly influence the growth and activity of 

specific bacteria in the gut, promoting a more diverse and beneficial microbial 

community [80]. 

It is important to keep in mind that individual responses to diet may vary due to 

other factors (age, gender, genetics, physical activity, geographical location, etc.). 

Additionally, the gut microbiota is a dynamic ecosystem, and dietary changes 

may take time to exert significant effects. By understanding the impact of diet on 

the gut microbiota, we can potentially harness its therapeutic potential for 

improving health and preventing various diseases. Here are a few more popular 

bacterial genera and species that have been shown to be influenced by diet: 
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• Akkermansia muciniphila: a mucin-degrading bacterium associated with a 

healthy gut. Its abundance is linked with dietary factors, including high-fibre 

diets and polyphenol rich foods, associated with improved metabolic health 

[81]. 

• Blautia: a genus with probiotic characteristics capable of degrade dietary 

components such as cellulose and xylan. Some species in the genera 

Clostridium and Ruminococcus have been reclassified as Blautia, which has 

gathered recent interest for its ability to regulate host health and alleviate 

metabolic syndrome [82]. 

• Clostridium clusters IV and XIVa are groups of bacteria that include multiple 

species involved in the metabolism of dietary fibre and the production of 

beneficial metabolites, such as butyrate. Although Clostrodium are generally 

perceived as unwanted bacteria, in this case, they have a positive effect. A 

decrease in these clusters is associated with loss of gut microbiome 

colonization resistance (reduced diversity and community stability over time) 

[83]. 

• Collinsella: Its abundance is positively correlated with a proinflammatory 

effect and a lower gut microbiome diversity. It is more abundant in 

individuals following a Western-style diet rich in animal products and 

saturated fats [84]. 

• Eubacterium: a diverse genus of bacteria that includes several species 

(Eubacterium rectale and Eubacterium hallii) involved in the fermentation of 
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dietary fibres and the production of beneficial metabolites, such as butyrate 

[85]. This genus is also capable to use the subproducts of other bacteria to 

produce postbiotics (SCFAs) [86]. 

• Faecalibacterium prausnitzii: another butyrate-producing bacterium, also 

conditioned by fibre intake [87]. 

• Prevotella: a genus associated with a plant-based diet for being a fibre 

fermenter, producing mainly propionate [88]. 

• Roseburia: a genus including butyrate-producing bacteria, associated with 

diets rich in fibre and plant-based foods [87]. 

• Ruminococcus: a genus that contributes to starch degradation. Again, 

associated with fibre-rich diets, producing sub-products used by other 

beneficial bacteria, like Eubacterium [89]. 

This is a short summary of popular bacteria and the effect they have on human 

gut microbiota. This thesis is focused on specific foods rich in phytochemicals 

and fibres, and how may they help to fight obesity and its comorbidities through 

gut microbiota modulation. 

Food compounds: where to put the focus on? 

Dietary fibre 

Dietary fibre is a crucial component of a healthy diet and is a prebiotic, related 

with bacterial growth and with SCFAs production. Fibre is defined as the non-
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digestible portion of plants and can be classified into two types: soluble and 

insoluble. Both types play different roles in promoting gut health: 

Soluble fibre dissolves in water to form a gel-like substance. It is found in foods 

such as oats, barley, fruits, and vegetables, regulating blood sugar levels and 

reducing cholesterol absorption by binding within the gut, preventing it from 

being absorbed into the bloodstream [90]. This leads to lower cholesterol levels 

and a reduced risk of heart disease. It also promotes the growth of beneficial gut 

bacteria, helping digestion and boosting the immune system [91]. 

Insoluble fibre does not dissolve in water and provides bulk to the stool. It is 

found in foods such as whole grains, nuts, and seeds and promotes regular bowel 

movements, preventing constipation [92]. This bulking effect speeds up transit 

time through the gut and helps to eliminate waste products from the body, 

reducing the risk of colorectal cancer [93]. It also helps prevent diverticular 

disease, a condition where small pouches form in the colon [94]. A study with 

olive pomace, mostly composed by insoluble fibre, showed to confer health 

benefits to the gastrointestinal tract as promoter of SCFAs production by gut 

microbiota, in a higher degree than FOS, showing a strong prebiotic effect [95]  

Dietary fibre exerts a global anti-inflammatory effect in the gut which is a key 

factor in preventing the development of several chronic diseases, including IBDs. 
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Polyphenols 

Polyphenols are a class of bioactive compounds widely distributed in plant-

based foods, such as fruits, vegetables, cereals, and beverages like tea, coffee, and 

wine. They are characterized by their complex chemical structure, which includes 

one or more phenolic rings and may be conjugated to other functional groups 

like sugars, acids, or lipids. Polyphenols are known for their antioxidant, anti-

inflammatory, and antimicrobial properties, which make them potential 

candidates for preventing or treating various chronic diseases, including cancer, 

cardiovascular disease, diabetes, and neurodegenerative disorders [96]. 

Recent research highlights the role of polyphenols in modulating the gut 

microbiota and improving gut health, through several mechanisms such the 

promotion of beneficial bacteria, inhibiting the growth of pathogenic ones, and 

modulating the production of microbial metabolites. For example, some 

polyphenols like quercetin, resveratrol, and catechins have been shown to 

stimulate the growth of Lactobacillus and Bifidobacterium, while inhibiting the 

growth of harmful bacteria such as Escherichia coli and Clostridium perfringens [97]. 

Polyphenols can also act as prebiotics, providing substrates for the growth of 

beneficial bacteria and promoting the production of SCFAs [98]. The beneficial 

effects of polyphenols on gut health have been demonstrated in several animal 

and human studies. A randomized controlled trial involving overweight and 

obese individuals found that supplementation with a polyphenol-rich extract 
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from grape and blueberry improved markers of gut health, including faecal 

microbial diversity and the abundance of beneficial bacteria [99]. Similarly, a 

study in rats showed that dietary supplementation with green tea polyphenols 

improved gut barrier function and reduced inflammation in the colon [100]. The 

mechanisms by which polyphenols exert their effects in the gut and which is the 

optimal dose, duration, and food sources are not well established yet. 

Glucosinolates 

Glucosinolates are peculiar of vegetables belonging to Brassicaceae family 

(present also in few other species) used for human consumption. This includes 

crops cultivated as vegetables, spices, and sources of oil. These organic 

compounds play a pivotal role in plant defence mechanisms, acting as key 

components in deterring herbivores and pathogens. Structurally, glucosinolates 

are β-thioglucoside N-hydroxysulfates, characterized by a variable side chain 

derived from an amino acid, most commonly methionine, phenylalanine, or 

tryptophan [101]. The type and concentration of glucosinolates in food are highly 

variable depending on several factors, such as genetics, cultivation site, cultivar, 

growth conditions, developmental stage, plant tissue, post-harvest handling, and 

food preparation methods. As types and concentration are also the main 

determinant of their biological activities, estimates of their content in food are 

essential tool to understand if a certain diet is adequate to deliver qualitatively 

and quantitatively appropriate glucosinolates and isothiocyanate [102]. 



Introduction 

20 

Numerous studies have highlighted their chemo-preventive properties, 

indicating a role in reducing the risk of cancer [103]. Additionally, glucosinolate-

derived compounds have demonstrated antioxidant and anti-inflammatory 

activities [104].  

In the gut, glucosinolates encounter the resident gut microbiota, which possesses 

a repertoire of enzymes capable of metabolizing them through hydrolysis. This 

enzymatic action leads to the formation of various breakdown products, such as 

isothiocyanates, nitriles, and epithionitriles, which can be absorbed through the 

intestinal epithelium and enter the bloodstream [105]. The conversion of 

glucosinolates by the gut microbiota is a double-edged sword. On the one hand, 

it can enhance the bioavailability of bioactive glucosinolate breakdown products, 

which contribute to their beneficial effects. On the other hand, the gut microbiota 

can also degrade and modify glucosinolates into less bioactive or even harmful 

compounds [106][107]. Therefore, the interplay between glucosinolates, the gut 

microbiota, and the resulting metabolites is crucial in determining the overall 

health effects.  

Obesity and comorbidities 

Obesity is defined as an abnormal or excessive accumulation of adipose tissue 

generally attributed to a positive energy balance maintained over the time and 

accompanied by a sedentary lifestyle [108]. It is a complex and multifactorial 

condition characterized by excessive accumulation of body fat. It has become a 
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global epidemic with significant public health implications. This condition is 

associated with numerous comorbidities, which are additional medical 

conditions that frequently occur alongside obesity. Understanding these 

comorbidities is crucial for effective prevention and management of obesity. 

Furthermore, many of these conditions may occur simultaneously and this is 

known as metabolic syndrome (MS), which increase the risk of cardiovascular 

diseases, type 2 diabetes, and stroke. It is characterized by a combination of 

visceral obesity, dyslipidaemia, hyperglycaemia, and hypertension [109]. This 

syndrome is considered a significant public health concern due to its increasing 

prevalence worldwide [110, 111]. The diagnosis of MS is based on a set of criteria 

established by different organizations, including the World Health Organization 

(WHO), the International Diabetes Federation (IDF), the American Heart 

Association (AHA), and the National Heart, Lung, and Blood Institute (NHLBI) 

[112, 113]. In 2011, a consensus definition was approved by which any patient can 

be diagnosed with MS when three of the following criteria are present [114, 115]: 

1. Abdominal obesity: High waist circumference (WC), whose thresholds 

depend on country-specific populations and definitions (≥102 cm and ≥88 cm 

for European men and women, respectively) [116]. 

2. Blood triglycerides: blood triglyceride level ≥ 150 mg/dl (1.7 mmol/L). 

3. Elevated blood pressure: Blood pressure levels equal to or greater than 130/85 

mmHg, or receiving treatment for hypertension. 
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4. High blood sugar levels: Fasting blood glucose levels equal to or greater than 

100 mg/dL (5.6 mmol/L) or being diagnosed with type 2 diabetes. 

5. Abnormal cholesterol levels: This includes low levels of high-density 

lipoprotein (HDL) cholesterol (< than 40 mg/dL (1.03 mmol/L) in men and < 

than 50 mg/dL (1.29 mmol/L) in women)). 

Several factors contribute to the development of MS, including genetics, physical 

inactivity, unhealthy diet, and obesity [111]. The exact mechanisms underlying 

MS are complex and not fully understood. However, insulin resistance is 

considered a key factor in its pathogenesis, leading to a reduced ability of cells to 

respond to insulin and properly regulate blood sugar levels, resulting in elevated 

glucose levels and compensatory insulin secretion. This can eventually lead to 

the development of type 2 diabetes [110]. 

MS significantly increases the risk of cardiovascular diseases, such as coronary 

artery disease and stroke [117]. It is also associated with a higher incidence of 

non-alcoholic fatty liver disease (NAFLD) and polycystic ovary syndrome 

(PCOS) in women. Furthermore, individuals with MS are more prone to chronic 

inflammation and oxidative stress, which further contribute to the development 

and progression of cardiovascular complications. Prevention and management 

involve lifestyle modifications, including regular physical activity, a healthy diet 

(such as the Mediterranean or DASH diet), weight loss, and smoking cessation. 

In some cases, medication may be prescribed to control individual components 
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of the syndrome, such as antihypertensive drugs, lipid-lowering agents, or 

medications to manage blood sugar levels [118]. 

Obesity and microbiota 

It seems clear that diet is the corner stone for a healthy microbiota, therefore, 

those who are over-weight or obese due to an unbalanced diet, will probably 

have an obesity-related dysbiosis, referring to an imbalance in the composition 

and function of the gut microbiota. Several studies have investigated the specific 

bacterial species and genera that are affected by this and how it may impact 

health. While it is challenging to pinpoint a definitive list of the most affected 

beneficial bacteria, as research in this field is ongoing, there are some notable 

findings based on literature. For example, a study where the number of gut 

microbial genes was compared, showed that individuals with higher overall 

adiposity, more insulin resistance, dyslipidaemia, and a more marked 

inflammatory status (overweight and obese subjects) had a lower bacterial 

richness when compared with lean subjects. The obese individuals belonging to 

the lower bacterial richness group also gained more weight over time [119]. This 

correlation between bacterial species and metabolic markers, suggests that a 

decrease in microbial diversity may be directly associated with metabolic 

disorders such as obesity. Another research, focused on comparing the gut 

microbiota composition of obese individuals before and after gastric bypass 
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surgery, discovered a significant alteration in the gut microbiota following the 

surgery, confirming again the potential role of the microbiota in obesity [120]. 

If we focus on specific bacterial genera, a study by Turnbaugh et al. (2009) found 

that the relative abundance of the bacterial genus Bacteroides was reduced in 

individuals with obesity compared to lean individuals. Bacteroides species, such 

as Bacteroides thetaiotaomicron and Bacteroides fragilis, are known to play a 

beneficial role in the gut by promoting the breakdown of complex carbohydrates 

and producing SCFAs. The reduction of Bacteroides species in obesity-related 

dysbiosis may, therefore, have implications for nutrient metabolism and energy 

homeostasis [121]. Results from species level must be considered cautiously 

because this taxonomic level is much more susceptible to external elements, and 

conclusions can be hard to interpret. For example, Million et al (2012) explored 

the gut microbiota of obese individuals and identified differences in bacterial 

populations compared to non-obese controls. Specifically, they found an 

enrichment of Lactobacillus (Limosilactobacillus) reuteri and depletion of 

Bifidobacterium animalis and Methanobrevibacter smithii in the obese group. This 

was the first study to date that links specific species of Lactobacillus with obesity 

in humans [122], which is surprising, as Lactobacillus has always been considered 

a healthy probiotic. However, the Bifidobacterium animalis depletion makes much 

more sense, as the Bifidobacterium genus (from the Actinomycetota phylum) has 

been seen to play a key role in weight regulation (80). The subspecies Lactis 
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Gcl2508 is a probiotic capable of proliferating and producing SCFAs (81). 

Additionally, the Lactis subspecies may have an anti-MS effect. A study with mice 

has shown that treatment with this probiotic improves energy expenditure by 

reducing levels of body fat (82). Methanobrevibacter smithii, the dominant 

archaeon in the human gut ecosystem, is known for affecting the specificity and 

efficiency of bacterial digestion of dietary polysaccharides, thereby influencing 

host calorie harvest and adiposity. Its depletion is consistent with its role, and 

supplementation with this species has been approached as a therapeutic tool for 

reducing energy harvest in obese humans [123]. The number of known species in 

the human gut is outrageous, so it is impossible to mention all the bacteria 

implicated in the regulation of a healthy microbiota in obesity, as there are more 

than one healthy enterotype, with different kind of bacteria confirming it. 

As previously explained, an imbalance in the Bacillota-Bacteroidota ratio, 

towards the Bacillota, may occur in obesity. This phylum-level change in the 

microbiota reduces bacterial diversity and alters the representation of bacterial 

genes and metabolic pathways [124]. However, even though an unbalanced 

Bacillota-Bacteroidota ratio is not wanted, there are many species among the 

Bacillota known for its healthy effects: Faecalibacterium and Roseburia are both 

SCFAs producers and have been associated with beneficial effects on host 

metabolism and inflammation [125]. Therefore, it is essential to maintain the 

balance, as too many Bacteroidota will also impair microbiota diversity, with 

detrimental effects. On the pathological side, certain obesity-related bacterial taxa 
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may contribute to metabolic dysfunction. For instance, the genus Clostridium has 

been found to be enriched in individuals with obesity [126]. Some species within 

this genus, such as Clostridium difficile, are known to be opportunistic pathogens 

associated with various diseases, including diarrhoea and colitis. While the role 

of specific Clostridium species in obesity-related dysbiosis is not yet fully 

understood, their increased abundance may be linked to gut inflammation and 

metabolic disturbances. It is important to note that the dysbiosis associated with 

obesity is a complex phenomenon influenced by multiple factors, including diet, 

genetics, and lifestyle. The specific bacteria affected and their functional 

implications may vary between individuals. Bacteria from the Clostridium genus 

are part of the normal gut composition but are associated with deleterious effect 

on human health due to some species involved with intestinal diseases [127]. 

However, there are other species from this genus, associated with the production 

of SCFA, known to have a positive impact on gut health [11]. Research in this 

field is rapidly evolving, and new findings may provide further insights into the 

specific genera and species affected. 
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If we widen our scope and move to a broader perspective, even though the 

microbiota composition of individuals with obesity is not known yet, we can 

confirm that there is a straight relation. As an example, a study showed that 

germ-free mice inoculated with microbiota from obese or lean human twins, take 

on the microbiota characteristics of the donor. Those receiving the obese 

microbiota (red outline) had an increase in adiposity, whereas those receiving the 

lean microbiota (blue outline) remained lean [128], figure 1.  

However, a ternary classification of microbes as pathogens, commensals or 

beneficial does not exist, as the pathogenicity of a given microorganism is highly 

dependent on multiple variables, not only related to the bacteria itself but also 

related to the host. This remark is not restricted to the context of obesity as 

microbiota ecological principles also apply to other non-communicable diseases. 

That being said, specific gut microbes have been identified for which causality 

and effect have been demonstrated often enough, such that they can now be 

considered beneficial for host health. A search performed on August 2019 in the 

Figure 1. Microbiota transplant from human to mice, and inheritance characteristics. 
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databases Pubmed, Scopus, Web of Science, Cochrane library, Lilacs and gray 

literature using the terms: “microbiota”, “microbiome”, “obesity”, “obesity 

morbid”, and “humans”, including studies assessing the gut microbiota 

composition in adults with obesity and lean individuals, concluded that 

individuals with obesity may show a greater Bacillota/Bacteroidota ratio, 

Bacillota, Fusobacteria (Fusobacteriota), Pseudomonadota, Mollicutes, 

Limosilactobacillus reuteri, and less Verrucomicrobiota (Akkermansia muciniphila), 

Faecalibacterium prausnitzii, Bacteroidota, Methanobrevibacter smithii, 

Lactiplantibacillus plantarum and Lacticaseibacillus paracasei. Furthermore, as 

indicated previously, some bacteria had a clear positive correlation and others 

have negative correlation with obesity. This study also confirmed that obese 

individuals have a different gut microbiota profile than lean ones [129]. Further 

bacterial species have been considered health-promoting by recent literature, 

such as Akkermansia muciniphila [130] and Faecalibacterium prausnitzii [131] as 

promising preventive and therapeutic tools in immune-related diseases and 

cancer immunotherapy. Others are only considered potential next-generation 

beneficial bacteria in certain specific conditions such as Eubacterium hallii 

(renamed as Anaerobutyricum soehngenii) [132]. There are many other potential 

beneficial candidates, such as such as Odoribacter laneus [133], Holdemanella 

biformis [134], and Bacteroides uniformis [135], that have demonstrated beneficial 

effects on specific conditions like obesity and inflammatory processes like colitis. 

However, the latest publications still have no proof of a specific microbial culprit 
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in the onset of obesity or the failure to resolve overweight. However, without 

diminishing the role of heredity and environmental factors, the gut microbiota 

clearly makes an important contribution to the development of metabolic 

disorders and obesity. Maintaining homeostasis and normal metabolism is 

impossible without restoring the diversity and normal functions of the gut 

microbiota. Dietary interventions, prebiotics, probiotics, and medication can be 

useful to achieve this aim [136]. 
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Hypothesis 

Foods and bioactive compounds can modulate gut microbiota composition and 

function. Some of these foods would be able to revert the obesity-related 

dysbiosis. This can be studied by different approaches, like in vitro simulators of 

the gastrointestinal tract or human intervention studies. 

Objectives 

The present thesis has the three following objectives: 

1. To describe the gut microbiota profile associated with Mediterranean diet 

and specific food groups in Spanish population. 

2.  To establish an In vitro digester simulator as an approach for the study of 

the effects of foods on gut microbiota. 

3. To study the modulatory effects of different functional foods on human 

gut microbiota by combining in vitro and in vivo approaches. 
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These is the workplan and the methodology of the BIOTAGUT PROJECT which 

has allowed the development of this thesis through the following points. 

1. Ingredient characterization/definition 

Ingredients and bioactive components bibliography revision 

Food products and ingredient specifications 

Market and regulatory aspects surveillance 

2. Microbial identification 

Definition of the microbiota “TYPE”: healthy vs metabolic syndrome 

3. Food and ingredients design and development  

Ingredients design and development 

Food design and development 

4. In-vitro colonic fermentation evaluation 

Determination of the colonic microbiota responses 

Study of the biological effect in-vitro on metabolic syndrome-related 

features 

5. Investigation of possibles probiotic and postbiotics 

Microorganisms culture and isolation 

Probiotic aptitude characterization 

Response quantification to colonic permeability/plasma in relation to the 

metabolic syndrome 

6. Human Trials 

Nutritional intervention with new functional foods, focused on 

microbiota modulation  
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Figure 3. Graphic representation, connecting the workflow of the 6 chapters of this thesis. 
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In the following paragraphs, there is a short explanation of the main process 

performed on this thesis. All this methodology is deeply detailed in the 

corresponding chapters. 

Description of the Dynamic gastrointestinal and colonic fermentation model  

The equipment simulates in vitro the entire gastrointestinal digestive process. It 

consists of a computer-assisted model of five interconnected compartments, 

double jacket vessels, that simulate the physiological conditions of the stomach 

(R1), small intestine (R2) and the three colonic sections: the ascending colon (R3), 

transverse colon (R4) and descending colon (R5). R1 and R2 work semi-

continuously, while the colon reactors (R3, R4 and R5) work continuously. A 

peristaltic bomb ensured the flow of the content from one reactor to the next. The 

system did not simulate water absorption. Further detail in chapter 3. 

This equipment has been designed by AINIA (Parque Tecnológico de Valencia, 

Paterna). A frontal view is depicted in the following picture. 

Figure 4. Picture of the in-vitro digester designed by AINIA. 
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Study in humans: Cross-sectional study in the Obekit cohort 

Participants, anthropometric and biochemical measurements 

This cross-sectional study enrolled 360 Spanish adults of self-reported European 

ancestry (251 females and 109 males) with ages ranging from 45.0 ± 10.5 years 

old. Participants were recruited at the Centre for Nutrition Research of the 

University of Navarra, Spain. Major exclusion criteria included a history of 

diabetes mellitus, cardiovascular disease, and hypertension, pregnant or 

lactating women, and current use of lipid-lowering drugs. Patients with a 

diagnosis of primary hyperlipidaemia were also excluded. Inclusion criteria were 

body mass index between 25 and 40, a physical examination and assessment of 

vital signs considered as normal or clinically insignificant by the researcher. Also, 

in case of individuals with chronic, stable-dose drug treatment during the last 

three previous months and at baseline, the investigators assessed possible 

inclusion. 

Faecal Sample Collection and DNA extraction 

The faecal samples were self-collected by the volunteers, before and after the 

intervention, using stool preservation kits. The DNA extraction from faecal 

samples was performed with a DNeasy® PowerSoil® Pro Kit from Qiagen. 

Further explanation in chapter 1 & 2. 
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Study in humans: Nutritional intervention with specific foods 

The intervention studies in the Obekit project included 8 foods that were given 

to 4 groups (A, B, C, D) of 15 healthy volunteers. There was a first phase of 3 

weeks with one food, then a 3-week washing period to re-establish the basal 

microbiota, and a second phase of 3 weeks with a new food. Both, at the 

beginning and the end of the two phases, faecal samples were collected to analyse 

microbiota, and blood samples were taken to perform untargeted metabolomics 

in plasma. For example, during the second phase of the intervention period (3 

weeks long), participants of group D (n=15) included 90 g of Bimi® (either cooked 

or row) every two days, into their habitual diet. The details can be found in 

chapter 6. The design of the intervention study is depicted here:  

 

 

 

Figure 5. Workflow of the nutritional intervention with specific foods. 
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The inclusion criteria were the following: 

- Men and women between 18 and 70 years old. 

- BMI between 19 and 34.9 kg/m2. 

- No weight variations (± 3 kg) during the last 3 months. 

- No variations in pharmacological treatment in the last 3 months.  

- Without consumption of stomach protectors. 

- No gastrointestinal problems. 

16s Metagenomics: Library preparation and sequencing 

Metagenomics studies were performed by analysing the variable regions V3–V4 

of the prokaryotic 16S rRNA (ribosomal Ribonucleic Acid) gene sequences, which 

gives 460 bp amplicons in a two-round PCR protocol. In a first step, PCR is used 

to amplify a template out of a DNA sample using specific primers with overhang 

adapters attached to the flank regions of interest. PCR was performed in a 

thermal cycler using the following conditions: 95 °C for 3 min, 25 cycles of (95 °C 

for 30 s, 55 °C for 30 s, and 72 °C for 30 s), and 72 °C for 5 min. To verify the 

amplicon, 1 µL of the PCR product was checked in a Bioanalyzer DNA 1000 chip. 

The expected size on a Bioanalyzer was ~550 bp. 

In a second step and using a limited-cycle PCR, sequencing adapters and dual 

index barcodes were added to the amplicon, which allows up to 96 libraries 

pooled together for sequencing in NGS. The PCR was performed in a thermal 

cycler using the following conditions: 95 °C for 3 min, eight cycles of (95 °C for 

30 s, 55 °C for 30 s, and 72 °C for 30 s), and 72 °C for 5 min. Subsequently, the 
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Index PCR ran a second Bioanalyzer DNA 1000 chip to validate the library. The 

expected size was ~630 bp. The next step consisted of quantifying the libraries 

using a Qubit® fluorometer and dilution of the samples before pooling them. 

Finally, paired-end sequencing was performed in a MiSeq platform (Illumina) 

with a 500-cycle Miseq run and with 7 pM sample and a minimum of 25% PhiX. 

Only samples with more than 40,000 reads were used for further analysis. For 

more detailed information go to chapter 3. Detailed specifications can be found 

in the specific chapter. 
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This part is divided in six different chapters, one for each of the articles presented 

in the thesis. The articles related with the objectives proposed are the following: 

Objective 1 

Chapter 1: Gut Microbiota Bacterial Species Associated with Mediterranean Diet-

Related Food Groups in a Northern Spanish Population. 

Chapter 2: Association of the Gut Microbiota with the Host’s Health through an 

Analysis of Biochemical Markers, Dietary Estimation, and Microbial 

Composition. 

Objective 2 

Chapter 3: An In Vitro Protocol to Study the Modulatory Effects of a Food or 

Biocompound on Human Gut Microbiome and Metabolome. 

Objective 3 

Chapter 4: Elicited butternut pumpkin (Cucurbia moschata D. cv. Ariel) as a 

natural dietary modulator of the human intestinal microbiota dysbiosis. 

Chapter 5: Effects of Glucosinolate-Enriched Red Radish (Raphanus sativus) on In 

Vitro Models of Intestinal Microbiota and Metabolic Syndrome-Related 

Functionalities. 

Chapter 6: Gut microbiota modulatory capacity of Brassica oleracea italica x 

alboglabra (Bimi®). 

  



Results 

48 

  



Results 

49 

Chapter 1 
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of Biochemical Markers, Dietary Estimation, and Microbial Composition. 

Maite Villaseñor-Aranguren1&, Carles Rosés2&, José Ignacio Riezu-Boj1,3, Miguel 

López-Yoldi1, Omar Ramos-Lopez4, Anna M. Barceló2 and Fermín I. Milagro1,3,5,6 

1 Center for Nutrition Research, University of Navarra, 31008 Pamplona, Spain; 

mvillasenor.1@alumni.unav.es (P.M.M.); jiriezu@unav.es (J.I.R-B.); mlyoldi@unav.es 

(M.L.-Y); fmilagro@unav.es (F.I.M)  

2 Servei de Genòmica, Universitat Autònoma de Barcelona, 08193 Bellaterra, Spain; 

carles.roses@uab.cat (C.R), anna.barcelo@uab.cat (A.M.B)  

3 Navarra Institute for Health Research (IdiSNA), 31008 Pamplona, Spain. 

4 Medicine and Psychology School, Autonomous University of Baja California, 

22390 Tijuana, Baja California, Mexico; oscar.omar.ramos.lopez@uabc.edu.mx (O.R-L.) 

5 Department of Nutrition, Food Science and Physiology, University of Navarra, 

31008 Pamplona, Spain;   

6 Centro de Investigación Biomédica en Red de la Fisiopatología de la Obesidad y 

la Nutrición (CIBERobn); Carlos III Health Institute, 28029 Madrid, Spain. 

& Both authors have equally contributed to this work 

 

 

 

 

 

 

Nutrients, published: 23 November 2022 

DOI: https://doi.org/10.3390/nu14234966 

Impact factor (2023): 5.9 

24/122 in Nutritiion and Dietetics (Q1) 

  

https://doi.org/10.3390/nu14234966


Results 

68 

  



Results 

69 

 



Results 

70 

 



Results 

71 

 



Results 

72 

 



Results 

73 

 



Results 

74 

 



Results 

75 

 



Results 

76 

 



Results 

77 

 



Results 

78 

 



Results 

79 

 



Results 

80 

 



Results 

81 

 



Results 

82 

  



Results 

83 

Chapter 3 

An In Vitro Protocol to Study the Modulatory Effects of a Food or 

Biocompound on Human Gut Microbiome and Metabolome, published in the 

journal Foods from the MDPI editorial. 
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Effects of Glucosinolate-Enriched Red Radish (Raphanus sativus) on In Vitro 

Models of Intestinal Microbiota and Metabolic Syndrome-Related 

Functionalities. 

Carles Rosés1, Paula Garcia-Ibañez2,3, Agatha Agudelo4,5, Blanca Viadel9, Lidia 

Thomas9, Elisa Gallego9, Micaela Carvajal2,3, Fermin I. Milagro6,7,8 and Anna M 

Barceló1 

1 Servei de Genòmica, Universitat Autònoma de Barcelona, 08193 Bellaterra, 

Cerdanyola del Vallés, Spain.  

2 Aquaporins Group. Centro de Edafología y Biología Aplicada del Segura. 

CEBAS-CSIC. Campus Universitario de Espinardo - 25. E-30100. Murcia. Spain. 

3 Phytochemistry and Healthy Foods Lab. Department of Food Science 

Technology. Centro de Edafología y Biología Aplicada del Segura. CEBAS-CSIC. 

Campus de Espinardo-25. E-30100. Murcia, Spain.  

4 Sakata Seed Ibérica S.L., Pl, Poeta Vicente Gaos, 6 bajo, Valencia, Spain.  

5 Universidad Politécnica de Valencia, UPV, Camino de Vera s/n, Valencia, 46022, 

Spain.  

6 Center for Nutrition Research, Department of Nutrition, Food Sciences and 

Physiology, University of Navarra, 31008, Pamplona, Spain.  

7 Navarra Institute for Health Research (IdISNA), 31008, Pamplona, Spain.  

8 Centro de Investigación Biomédica en Red de la Fisiopatología de la Obesidad y 

Nutrición (CIBERobn). Instituto de la Salud Carlos III, 289029, Madrid, Spain.  

9 AINIA, Technology Centre, C/ Benjamin Franklin 5-11, Parque Tecnológico de 

Valencia, 46980, Paterna, Valenca, Spain.  

 

ACS Omega, published: 22 June 2023 

DOI: https://doi.org/10.1021/acsomega.2c08128 

Impact factor (2023): 4.1 

Chemistry Engineering (miscellaneous) (Q1) 

  

https://doi.org/10.1021/acsomega.2c08128


Results 

138 

  



Results 

139 

 

 



Results 

140 

 

 



Results 

141 

 

 



Results 

142 

 

 



Results 

143 

 

 



Results 

144 

 

 



Results 

145 

 

 



Results 

146 

 

 



Results 

147 

 

  



Results 

148 

  



Results 

149 

Chapter 6 
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The relationship between diet and the human gut microbiota is highly significant 

and has been the subject of extensive research. The gut microbiota consists of 

bacteria, fungi, viruses, and other microbes, that reside in the gastrointestinal 

tract. Diet plays a crucial role in shaping its composition, and different dietary 

components, such as carbohydrates, proteins, fats, fibres, and various bioactive 

compounds, can have a direct or indirect influence. For example, a high-fat diet 

has been associated with a decrease in microbial diversity, while a high-fibre diet 

promotes a more diverse and beneficial gut microbiota [137]. It is important to 

note that the gut microbiota is highly individualized and can vary among 

individuals based on factors like genetics, lifestyle, and overall health. The gut 

microbiota's role in health is still being actively studied, however, maintaining a 

balanced and diverse gut microbiota through a healthy diet is generally 

associated with improved overall health and a reduced risk of various diseases. 

The present investigation, through different methodology such as bacteria plate 

counts, metagenomics, SCFA quantification and the analysis of specific 

biochemical markers, aims to investigate the interaction between gut microbiota 

and food consumption patterns in a health context. More specifically, this 

research work sought: 

• Firstly, to understand the complex interaction between gut microbiota and 

diet-related food groups, particularly those more characteristic of the MD, 

to further relate it with the overall health status of the host; figure 2. 
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• Secondly, to determine which microbiota profiles, specifically bacterial 

genera and species, are related to better host health. 

• Thirdly, to elucidate the possibility to use specific food products as a 

promising tool for the stimulation of beneficial bacteria in order to achieve 

a successful treatment for a better gut and general health. 
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Interaction between gut microbiota and diet in the context of 

health 

The analysis of the gut microbiota and its association with health reveals 

intriguing insights into the complex interplay between our microbiome, dietary 

factors, and various health conditions. 

Bifidobacteria and Lactobacilli 

To begin with, we will have a quick overview on the behaviour that 

Bifidobacteria and Lactobacilli have shown through the 6 chapters of this thesis. 

These two extended genera exert multifaceted effects on gut health, largely 

attributed to their ability to modulate the gut microbiota composition and 

function. These beneficial bacteria have been shown to enhance the diversity and 

stability of the gut microbial community, through their fermentative capacity, 

immunomodulatory effects, and metabolic activities, that contribute to the 

prevention of dysbiosis [138, 139]. By competitively excluding potential 

pathogens, they reinforce the gut barrier and help to protect against intestinal 

infections, improving mucosal immune responses. 

The following table summarizes the results related to the Bifidobacteria and 

Lactobacilli bacteria along the 5 chapters that analyse the impact of certain 

products. Chapter 3 is not included because is mainly a methods article, and it 

is not focused on the potential effect of the tested products. 
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Table 1. Results of the genus Bifidobacterium and Lactobacillus along the different chapters. The 

underlined titles indicate the techniques used to analyse bacterial behaviour. 

 Bifidobacterium Lactobacillus 

Chapter 

1 

16s-metagenomics: in-vivo 

Bifidobacterium animalis shows a very 

strong positive association with 

adherence to the MD. 

16s-metagenomics: in-vivo 

NO RESULTS 

   

Chapter 

2 

16s-metagenomics: in-vivo 

NO RESULTS 

16s-metagenomics: in-vivo 

High levels of the Lactobacillaceae 

family in individuals with higher 

consumption of yogurt and fermented 

dairy products. Higher AST levels, 

related to lower abundance of this 

family (hepatic function). 

   

Chapter 

4 

Plate counts 

Bifidobacterium generally stable at 7 log 

units of CFU/mL in the whole colonic 

system during the treatment period, 

with a slight increasing trend in the 

TC and DC. 

16s-metagenomics: in-vitro 

Bifidobacterium had an increase in the 

TC.  

Plate counts 

Lactobacillus increased during the 

treatment period, rising progressively 

from 6 log units to close to 8 log units 

(CFU/mL), especially in AC and TC. 

16s-metagenomics: in-vitro 

Lactobacillus increased in all reactors. 

Lactobacillus acidophilus had a strong 

increase after the treatment in AC. 

   

Chapter 

5 

Plate counts 

Bifidobacterium had a slight decrease in 

all reactors. 

16s-metagenomics: in-vitro 

Bifidobacterium increased in AC. The 

specie Bifidobacterium bifidum increased 

also in AC. The specie Bifidobacterium 

adolescentis increased in DC. 

Plate counts 

Lactobacillus had a decrease in AC but 

had an opposite response in TC and DC. 

16s-metagenomics: in-vitro 

Lactobacillus showed a marked increase 

in AC The specie Lactobacillus paracasei 

also increased in the first reactor. 

   

Chapter 

6 

Plate counts 

Bifidobacterium had a slight decrease in 

all reactors. 

16s-metagenomics: in-vitro 

Bifidobacterium adolescentis increased. 

16s-metagenomics: in-vivo 

Bifodibacterium decreased 

Plate counts 

Lactobacillus had a slight decrease in all 

reactors.  

16s-metagenomics: in-vitro 

NO RESULTS 

16s-metagenomics: in-vivo 

Lactobacillus increased 
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Before analysing the results is important to keep in mind that an in vitro digester 

is not able to fully reproduce the natural conditions, as it is a static environment, 

and therefore there are no other stimuli such as natural body movement, 

hormones, trophic activity, interaction with other humans, the outside world, etc. 

In this kind of in vitro digestors, the natural tendency is to observe a reduction in 

bacterial diversity and population. Moreover, because the gut microbiota is a 

delicate and fragile environment, a consistent growth of a certain population 

could have a detrimental effect on their neighbours, so it is tricky to analyse an 

isolated group of bacteria without considering the general behaviour of the 

whole ecosystem.  

Bifidobacteria and Lactobacilli are known for being two type of beneficial 

bacteria that are commonly found in the human gut. While they share some 

similarities in their roles and interactions with diet, there are also notable 

differences between them. Both bacteria can ferment dietary fibre, breaking 

down complex carbohydrates and fibres into beneficial by-products such as 

SCFAs, contributing to the fermentation process, although they have different 

preferences for specific types of fibre. In general, Bifidobacterium growth has been 

related to pectin content [140] increasing its levels with dietary pectin presence 

while Lactobacillus is more related with resistant starch and xylo-

oligosaccharides, as they produce lactic acid from fermented sugars [141]. 

Moreover, it is important to note that the effects of Bifidobacteria and Lactobacilli 
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can vary depending on the specific species and strains within each genus. 

Different strains may have different metabolic capabilities, preferences for 

dietary substrates, and interactions with the host. It is crucial to consider strain 

specificity when evaluating the effects of these bacteria on diet and health. 

However, it is important to know that the methodology used in this thesis 

(Illumina 16S Metagenomic Sequencing) is not able to differentiate bacterial 

strains. Overall, both genera play important roles in gut health and can be 

influenced by dietary factors. Including a variety of plant-based foods and 

dietary fibres in the diet can help promote the growth of these beneficial bacteria, 

favouring a healthy gut microbiota. 

If we focus in the Table 1, the presence of vegetables enhances the growth of the 

Bifidobacterium, as it is the genus most significantly related with MD, results 

coming from the human trial in chapter 1, a very reliable result. However, not all 

techniques used in the different chapters find the same tendencies. The plate 

counts show no positive impact of the treatments on this genus. As mentioned 

before, this could be attributed to the natural competition between different 

bacteria and moreover, plate counts only focuses on 4 different genera, giving a 

limited view of the global microbiota modulation. The 16s-metagenomiuc 

analysis clearly reveals that the species Bifidobacterium adolescentis significantly 

increases with red radish and Bimi consumption, in the in vitro digester.  
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Moving onto Lactobacillus, we observed no clear association with MD from 

chapter 1, however on this occasion, plate counts generated a favourable output: 

a general increase with the pumpkin treatment in all reactors and increased 

counts with the red radish, especially on the TC and DC, which are the most 

relevant ones, as they represent the last segments of the colon, the richest and 

most diverse parts. Pumpkin and red radish, from chapters 4 and 5 showed an 

increase of two well-known species, Lactobacillus acidophilus and Lacticaseibacillus 

paracasei in the digester, showing a similar effect from these two foods. Chapter 

2 revealed lower presence of the Lactobacillaceae family in those subjects with 

worse hepatic health, figure 6. The human trials revealed that higher 

consumption of yogurt and fermented products, as well as the consumption of 

Bimi positively correlates with a growth of this genus. 

In summary, including a variety of fermented and plant-based foods, as well as 

dietary fibres in the diet, can promote the growth of Bifidobacterium and 

Figure 6. Lactobacillaceae differing significantly when comparing individuals with higher and lower 

consumption of fermented dairy (FDR < 0.05). Red boxes represent participants with lower consumption, and 

blue boxes represent participants with higher consumption compared to the median. 
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Lactobacillus, contributing to a healthy gut microbiota. However, the effects of 

these bacteria can vary depending on the specific species, strains, and individual 

contexts. A deeper and more specific analysis is required to elucidate specific 

roles and interactions with diet, food, and the health outcome.  
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Gut microbiota, diet, and foods 

A healthy and balanced diet with abundance of fibre-rich plant foods promotes 

a diverse and beneficial gut microbiota, while a poor diet can disrupt its balance 

and lead to health problems. In this section the scope will be held on the 

modulatory effect resemblances among plant foods from chapters 4, 5 and 6. The 

three foods tested are from the family Brassicaceae (genera Raphanus and 

Brassica) and Cucurbitaceae (genus Cucurbita). We will also consider the bacterial 

species from chapter 1. There should be some similarities as the MD is 

characteristic for its abundance of food plants. Table 2 shows those genera and 

species that correlate positively with the MD and that have been enhanced by the 

treatment with pumpkin, red radish or Bimi. Those listed in table 2 are the ones 

that appear in more than one chapter simultaneously or concur in another article. 

Table 2. Genera and species in common across chapters 1, 4, 5 and 6, that appear to have a 

positive influence on gut health and show an increased population after the treatment. 

 

 Genera Species 

Chapter 

1 

MD 

NO RESULTS 

 

 

 

 

16s-metagenomics: in vivo 

Bacteroides cellulosilyticus (legumes) 

Catabacter hongkongensis 

Oscillibacter valericigenes 

Oscillospira (Flavonifractor)Plautii 

Paraprevotella clara 

Roseburia faecis 

Ruminococcus bromii 
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Pumpkin 

Chapter 

4 

16s-metagenomics: in vitro 16s-metagenomics: in vitro 

Akkermansia muciphila 

Alistipes shahii 

Bacteroides dorei 

Bacteroides vulgatus 

Cloacibacillus porcorum 

Clostridium lactatifermentans 

Gemmiger formicilis 

Lactobacillus acidophilus 

Lactobacillus fermentum 

Ruminococcus albus 

Ruminococcus lactaris 

Akkermansia 

Alistipes 

Catabacter 

Christensenella 

Cloacibacillus 

Clostridium 

Coprococcus 

Eggerthella 

Eubacterium 

Faecalibacterium 

Fusicatenibacter 

Gemmiger 

Holdemania 

Intestinimonas 

Methanobrevibacter 

Oscillibacter 

Oscillospira 

Parasutterella 

Phascolarctobacterium 

Prevotella 

Roseburia 

Ruminococcus 

   

Red 

radish 

Chapter 

5 

16s-metagenomics: in vitro 16s-metagenomics: in vitro 

Akkermansia muciniphila 

Bacteroides clarus 

Christensenella minuta 

Gemmiger formicilis 

Holdemania filiformis 

Lactobacillus paracasei 

Oscillibacter valericigenes 

Oscillospira plauti 

Victivallis vadensis 

Akkermansia 

Alistipes 

Anaerotruncus 

Catabacter 

Christensenella 

Cloacibacillus 

Clostridium 

Eubacterium 

Faecalibacterium 

Holdemania 

Lachnospira 

Oscillibacter 

Parabacteroides 

Roseburia 

Ruminococcus 

   

Bimi 

Chapter 

6 

16s-metagenomics: in vitro 

Anaerotruncus 

Eubacterium 

Eggerthella 

Holdemania 

Lachnospira 

Parabacteroides 

Paraprevotella 

Parasutterella 

Phascolarctobacterium 

Ruminococcus 

Victivallis 

 

 

 

16s-metagenomics: in vivo 

Alistipes 

Eubacterium 

Fusicatenibacter 

Lachnospira 

16s-metagenomics: in vitro 

Akkermansia muciniphila 

Alistipes obesi 

Alistipes putredinis 

Anaerotruncus colihominis 

Bacteroides cellulosilyticus 

Eggerthella lenta 

Eubacterium eligens 

Holdemania massiliensis 

Intestinimonas butyriciproducens 

Oscillibacter valericigenes 

Oscillospira capillosus 

Parabacteroides goldsteinii 

Paraprevotella clara 

Parasutterella excrementihominis 

16s-metagenomics: in vivo 

Alistipes putredinis 

Bacterioides coprocola 

Christensenella minuta 

Clostridium clariflavum 

Oscillibacter valericigenes 

Ruminococcus bromii 
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Fibre degrading bacteria. 

The first name worth mentioning from Table 2 is the genus Akkermansia and the 

species Akkermansia muciniphila. As explained in the introduction, they are mucin-

degrading bacteria associated with a healthy gut, linked with high-fibre diets and 

polyphenol-rich foods [81]. With these results we could assume that the three 

tested products have a positive effect on this bacterium, especially the pumpkin 

and the red radish, as they cause a growth in both, genus and species levels. Red 

radish and pumpkin are plant-based sources of dietary fibre. The proportions 

and types of fibre can vary between different crops and plant species, however, 

both plants contain a combination of soluble and insoluble fibre and different 

fibre molecules such as cellulose, hemicellulose, pectin, and potentially lignin. 

With the Bimi, we could expect to find a similar effect, as it is also an excellent 

source of dietary fibre, rich in vitamins, minerals and glucosinolates, but, during 

the test in the digester of chapter 6, only the R5 (transversal colon) showed a mild 

increase of this bacterium. However, it seems clear, from what we have seen in 

the introduction and in chapter 1, 4, 5 and 6, that fibre is one of the strongest gut 

microbiota modulators, and that is because its fermentation by the microbiota 

bacteria reduces it to constitutive monosaccharides, which, when metabolized, 

generate pyruvate, CO2, H2 or other metabolic intermediates. Generated pyruvate 

can be converted into diverse compounds, mainly acetate, propionate, or 

butyrate, all three SCFAs with great potential as microbiota modulators and 

contributors to good health.  
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The ratio of this SCFAs production is consequence of two combined factors: the 

microbiota profile (specific fermentative bacteria) and the kind of fibre intake. In 

general, acetate and butyrate are released from aldehydes fermentation (glucose, 

galactose, mannose, xylose) [142] whereas propionate is generally generated 

during ketonic glucosides fermentation (fructose, arabinose, tagatose) [143]. The 

genera Bacteroides and Bifidobacterium are a good example of cross-feeding 

interactions between members of different type of genera. Bacteroides is 

considered an important primary degrader of complex non-digestible 

carbohydrates (dietary fibre), thereby generating oligosaccharides, which in turn 

can be fermented by secondary degraders, for example the Bifidobacterium as an 

important and purported probiotic representative of secondary degraders [144]. 

In the first chapter we found positive correlation between Bacteroides 

cellulosilyticus and fibre intake. This species is equipped with an unprecedent 

number of carbohydrate active enzymes, providing a versatile carbohydrate 

utilization with a strong emphasis on plant-derived xylans [145]. It appears again 

in chapter 6, with the Bimi, obviously enhanced by its fibre content. This species 

would be considered a primary degrader, as it is able to degrade cellulose. 

However, within this genus, there are other species that would be considered 

secondary degraders that also appear in our chapters: Bacteroides dorei and 

vulgatus [146] in chapter 4 (pumpkin) both known for being butyrate producers. 

The ratio of fibre types in each of the tested foods is going to stimulate a different 
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bacterial response. Let’s have a look now on which are the fibre fermenters that 

appear in more than one chapter, and which their effects are. 

Butyrate producers 

Bacteria from Alistipes [147], Eubacterium [148] and Ruminococcus [149] genera are 

butyrate producers through fibre degradation. Within the Alistepes genus, the 

pumpkin enhances its growth and of the species Alistipes shahii. The red radish 

also stimulates it; however, the most remarkable effect is the one of the Bimi, 

which increases Alistipes obesi and Alistipes putredinis in the digestor in addition 

to positive results of both groups (genus and species) in the human trial, 

extrapolating the results from the digestor into a real scenario. With Ruminococcus 

we find a very similar scenario, as all three products also stimulate their growth. 

The genus increases in the three in vitro tests, with specific species appearing 

with the pumpkin (Ruminococcus albus and lactaris) and again, with the 

Ruminococcus bromii extrapolating the positive effect in the human trial. 

Eubacterium follows the same pattern, increasing in the 3 chapters in the in vitro 

part (the species Eubacterium eligens exclusively with the Bimi), and showing 

significant results of the genus in the in vivo part. Another butyrate-producing 

genus that seems to be stimulated by the treatment of the tested foods is 

Anaerotruncus [150], increased with red radish and Bimi but not with pumpkin, 

Cloacibacillus and Cloacibacillus porcorum [151], stimulated by pumpkin and red 

radish but not Bimi, and Parabacteroides [152], increased with red radish and Bimi 

but not pumpkin. 
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Among the butyrate producers, a genus that gathers scientific interest is Roseburia 

[153], that although only appears with the pumpkin and the red radish, evidence 

shows a potential therapeutic role of this bacteria in human disease, especially in 

regulating barrier homeostasis, immune cells, and cytokines release through its 

metabolite butyrate in scenarios such as IBDs, type 2 diabetes, antiphospholipid 

syndrome, and atherosclerosis [154]. To finish with the increased butyrate 

producers, we must mention Intestinimonas butyriciproducens with the Bimi and 

Gemmiger formicilis with pumpkin and red radish. In this context, Bifidobacterium, 

Lactobacillus and Prevotella species have been associated with high butyrate 

increases. 

Other SCFA producers 

There are many other SCFA producers known to have a positive impact on 

health, that also appear in Table 2: Oscillibacter valericigenes, a valeric acid 

producer, has been reported for having an inhibitory effect on a variety of 

pathologies such as cancer, colitis, and cardiovascular and neurodegenerative 

diseases [155]. The decrease of its genus, Oscillibacter, may promote inflammation 

[156]. This species has a positive correlation with fibre intake (chapter 1) and 

again is positively influenced by red radish and Bimi treatment. It is also 

significantly increased in the human trial with the Bimi consumption, reinforcing 

the idea that fibre consumption has strong modulatory effect on gut microbiota, 

towards a healthier status, through a huge variety of mechanisms. 
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Oscillospira plauti, strongly related to elevated production of propionate, 

butyrate, and total SCFA, associated with thin phenotypes, and Victivallis 

vadensis, an acetate producer, are increased in Chapter 5 (red radish) and Chapter 

6 (Bimi).  

These species demonstrate a consistent increase in various chapters and indicate 

their potential role in SCFA production and fibre degradation. Their presence 

suggests a similar influence on SCFA production across different fibre-rich 

treatments (pumpkin, red radish and Bimi), highlighting the importance of fibre 

in promoting gut health. The specific bacterial taxa and their metabolic 

capabilities play a crucial role in determining the types and proportions of SCFA 

generated, which will be specifically analysed later. Understanding the interplay 

between dietary fibre, gut bacteria, and SCFA production can provide valuable 

insights into the potential health benefits associated with fiber consumption and 

inform about strategies for promoting gut health and overall well-being. 

No fibre-degrading bacteria 

Worth to mention is the increase in Christensenella minuta, which has been 

described to be enriched in subjects with low BMI (Goodrich et al. 2014). C. 

minuta administration in mice has been reported to prevent the onset of obesity 

through unknown biological mechanisms [157]. Many studies have shown 

human health associations with Christensenellaceae, going from serum lipid 

levels to longevity to metabolic disorders [158, 159]. Table 2 shows an increase of 
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the genus Christensenella with pumpkin and red radish, and a significant increase 

of the species C. minuta in the in vivo part of Bimi. This group, even thou do not 

seem to be a fibre fermenter, seems to be enhanced, rather by these foods’ 

components or by the metabolic by-products generated by other bacteria. Even 

thou the gut microbiota is a very fragile environment, the fact that the three plant 

foods reproduce similar results, favouring the growth of this bacterium, indicates 

that they all have a similar impact on this ecosystem. Although we cannot know 

for sure which is the exact mechanism that stimulates these responses, our results 

confirm that the intervention with the chosen products has a marked modulatory 

effect on the microbiome, reinforcing many bacteria with a known positive role 

in the human gut microbiota. In the following part we will focus on other 

components of the tested foods that may have a modulatory effect on the 

microbiota. 

Bioactive compounds: glucosinolates (GLS)  

Bioactive compounds are natural compounds found in foods that are not 

essential nutrients like proteins, carbohydrates, and fats, but their consumption 

has been linked to positive health outcomes. It is worth noting that the 

bioavailability and health effects of these compounds can vary depending on 

factors such as food processing, cooking methods, and individual differences in 

metabolism [160]. Incorporating varied fruits, vegetables, whole grains, and 

plant-based proteins in the diet can help ensure an intake of diverse bioactive 

compounds that contribute to overall health and well-being. 
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Chapter 5 and 6 present two food products rich in GLS. In the next paragraphs 

we will try to elucidate whether these compounds have a positive impact on the 

overall health status through an amelioration of the microbiota profile, and if it 

is so, through which mechanism. In chapter 5, the use of elicitors in red radish 

crops stimulates the GLS content of the plant, especially methyl jasmonate 

(MeJA), widely found in cruciferous plants, such as red cabbage, reporting an 

increase in GSL concentration [161]. In chapter 6, no elicitors were used, however 

Bimi is a hybrid plant from Chinese kale (Brassica oleracea var. alboglabra) and 

Broccoli (Brassica oleracea var. italica), both plants standing out for their high 

content in GLS and phenolic compounds [162, 163], therefore a similar gut 

modulation could be expected from their GLS content. In table 2 we can see that 

there are three bacterial species with increased population in both chapters: 

Akkermansia muciniphila, Christensenella minuta and Oscillibacter valericigenes. The 

three of them are known for having a positive effect on the microbiota, however, 

through different mechanisms. For example, A. muciniphila and O. valericigenes 

are both fibre fermenters, but not C. minuta. Furthermore, only O. valericigenes is 

a SCFA producer, specifically of valeric acid. Maybe the combination of fibre and 

GLS is what is specifically stimulating the same three species in both food 

products. Concerning genera, there are three names that match in the in vitro 

part, Eubacterium, Holdemania and Lachnospira, meanwhile Alistipes and 

Eubacterium match between the in vitro from the red radish and the human trial 

from the Bimi.  
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Several studies showed that the human gut microbiome can provide myrosinase 

activity that potentially can raise the beneficial effects of consumption of 

vegetables rich in GLS [164]. Myrosinase is an enzyme that coexists in the same 

plants but is normally kept apart from GLS in different apparatus. When GLS 

coexist with myrosinases, this enzyme hydrolyses the GLS into the bioactive 

form, such as active isothiocyanates [165]. A key point is that myrosinase is 

temperature sensitive and can be inactivated upon exposure to temperatures over 

60 °, as typically occurs during cooking. However, studies using animal models 

and population trials have suggested that human gut bacteria might act like an 

‘organ’ in that they can secrete their own myrosinase [160], as rats and humans 

are short on this enzyme.  

In a randomised crossover nutritional study where the effects of a high-

cruciferous vegetable diet on gut bacterial community profile was evaluated, it 

was shown that the gut bacterial composition differed significantly [166]. 

Eubacterium hallii, Phascolarctobacterium faecium, Alistipes putredinis, and 

Eggerthella spp. were found as the microbial taxa closely associated with 

cruciferous vegetable intake [164]. Results from table 2 show a very similar 

profile of bacteria, indicating a similar microbiota modulation: Eubacterium, 

Alistipes and Alistipes putredinis increase in both chapters, and Egerthella and 

Phascolrctobacterium increase with the Bimi treatment.  
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The main difference between chapters 5 and 6 is that red radish is normally 

consumed raw, while Bimi is more usually cooked, therefore myrosinase activity 

from the Bimi would be inactive. The fact that both foods stimulate similar 

profiles could be explained by the hypothesis that gut microbiota is implicated 

in GLS metabolism. However, when comparing our bacteria with the known 

strains with myrosinase activity [167], there are no microorganism matching the 

bibliography, therefore it is possible that the main microbiota modulator is the 

fibre content in these two products and not the GLS bioactive forms. However, 

even thou we have no results showing a gut microbiota modulation from the GLS 

bioactive forms, there are many studies that outline the role of the polyphenols, 

glucosinolates and fibres against cancer progression in the gastrointestinal tract 

[168] and for their protective properties against IBD [169]. For further research, it 

would be interesting to replicate a similar intervention with raw versus cooked 

Bimi, to see if any difference in the microbiota modulation is due to the preserved 

myrosinase in the raw Bimi. 
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Gut microbiota and disease: metabolic disorders 

Chapters 2 and 5 study several health markers and gut microbiota composition 

in relation to metabolic disorders, hepatic function, and cardiometabolic risk 

factors. In chapter 2, blood samples were drawn from the participants involved 

in the study, as well as faecal samples collected and analysed through 16s-

metagenomics. Chapter 5 however, did not perform any human trial, it was all 

done in cell models, as explained in chapter 5, to evaluate the effect that red 

radish could have on several health markers and through an in vitro digestor to 

study its modulatory capacity. Therefore, as the results are more limited, it is 

trickier to relate the cell models with the microbiota. However, we will try to 

elucidate if there is any relation regarding metabolic disorders and gut 

microbiota through the results we have, as both chapters put the focus on the 

health biomarkers. Table 3 presents the association between bacteria and the 

different heath disorders from chapter 2. We will try to relate those bacteria 

groups with the ones from the in-vitro digester in chapter 5 and see if there are 

any coincidences regarding health benefits. 

Table 3. Relation between the gut microbiota and the health markers presented in chapter 2 

Bacterial taxa differing significantly in abundance when comparing the groups of individuals 

with high and low levels of biochemical biomarkers (FDR < 0.05) 

Biochemical markers Increase Decrease 

AST 

(µ/L) 

Family 

Pasteurellaceae 

 

 

 

 

Family 

Lactobacillaceae 

Oscillospiraceae 

Porphyromonadaceae 

Rikenellaceae 
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Genera 

Haemophilus 

Phascolarctobacterium 

Genera 

Lactobacillus 

 

   

HDL-cholesterol 

(mg/dl) 

Family 

Christensenellaceae 

Family 

Peptococcaceae 

   

Insulin levels (µIU/mL) 
Genera 

Phascolarctobacterium 

Peptococcus 

Genera 

Butyricicoccus 

 

 

Hepatic affection 

AST or aspartate aminotransferase is a hepatic biomarker that indicates an 

altered liver functions and higher levels of inflammation, when elevated [170]. 

Therefore, those bacteria that show a lower abundance with increased AST levels 

could be associated with healthier status in humans. In chapter 5, cholesterol 

metabolism is evaluated through changes in the gene expression of the 

membrane transporters, ABCA1 and ABCG5. These two are implicated in reverse 

cholesterol transport (RCT) and prevention of atherosclerosis. In the liver, 

ABCG5 has been proposed to efflux sterols into the bile for excretions. It also 

limits absorption of dietary cholesterol and plants sterols in the intestine [171]. 

ABCA1 can be found in macrophages, mediating cholesterol removal from these 

cells to HDL [172]. These ABC transporters are regulated by the liver X receptors 

(LXR), important regulators of cholesterol, fatty acids, and glucose homeostasis 

[173]. Elevated levels of these transporters could help in liver metabolism, 

enhancing liver function, and that’s what we see in chapter 5 after the treatment 
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with red radish in the cellular models. In the in vitro digester, the first thing that 

gets our attention is the increase of Lacticaseibacillus paracasei. In chapter 2 there 

is lower abundance of the genus Lactobacillus when AST levels are high. Could 

this be suggesting that the bacteria from the Lactobacillus are in some way, related 

to hepatic health? Let’s have a look on the other families from chapter 2, related 

with hepatic health and see if we can find any relation with chapter 5. 

• Bacteria from the family Oscillospiraceae (see Table 3), that show an 

increase after the treatment with red radish:  

Genera 

Oscillibacter 

Ruminococcus 

Species 

Oscillibacter valericigenes 

Oscillospira plautii 

Ruminococcus callidus 

Ruminococcus bromii 

• Bacteria from the family Rikenellaceae (see Table 3), that show an increase 

after the treatment with red radish.  

Genera 

Alistipes 

Species 

Alistipes indistinctus 

Alistipes putredinis 

All the bacteria that appear here are related to SCFA production and as already 

explained, known for promoting beneficial gut bacteria and for their anti-

inflammatory properties. The only species not mentioned previously in this 

thesis is Oscillospira plautii, which not surprisingly is another SCFA producer, and 

is associated with thin phenotypes [174]. Could these results link the 

consumption of red radish with hepatic health, suggesting that the consumption 

of foods rich in fibre and glucosinolates has the capacity to modulate the gut 
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microbiota towards a more protective one, with anti-inflammatory effect? Let’s 

check the other markers and see if we can find a global relation. 

Cardiometabolic health  

Low levels of HDL cholesterol are considered a critical cardiometabolic 

parameter; however, this parameter can be modulated by dietary and lifestyle 

factors that contribute to changes in gut microbiota composition [175]. In chapter 

2, individuals with higher levels of HDL-c presented a higher abundance of 

Christensenellaceae, suggesting a possible relation between this bacterial family 

and lower cardiometabolic risk. In chapter 5 we observe that red radish 

consumption stimulates the growth of the genus Chrisensenella and the species 

Christensenella minuta, which has been considered as a putative therapeutic 

candidate for the management of obesity and associated metabolic disorders 

[176]. Furthermore, blood pressure markers from chapter 5 seem to indicate a 

potential antihypertensive effect of fresh red radish. 

Metabolic health 

The adipose tissue is a dynamic organ, well known for its function in energy 

storage and mobilization according to nutrient availability and body needs, in 

charge of keeping the energetic balance of the organism [177]. During the last 

decades, adipose tissue has emerged as the largest endocrine organ in the human 

body, being able to secrete hormones as well as inflammatory molecules and 

having an important impact in multiple processes such as adipogenesis, 
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metabolism and chronic inflammation [178]. In chapter 5 there are two 

biomarkers (ADIPOQ, an adipocyte-secreted factor known as adiponectin, and 

the cytokine interleukin (IL)-6, an inflammatory mediator) that indicate an 

improvement of some obesity-related parameters after red radish consumption, 

specifically a reduction in adipogenesis and inflammation markers. Another 

crucial parameter in relation to metabolic health is the insulin resistance. It is 

considered the prelude to diabetes and tightly related to MS [179]. In chapter 2, 

we observe that high levels of insulin are related to low levels of the genus 

Butyricicoccus, again a butyrate-producing bacteria, considered a good probiotic 

candidate for its beneficial effects [180]. Even thou chapter 5 does not show an 

improvement in insulin resistance after the treatment, there is some bibliography 

that shows improved blood glucose levels after the consumption of radish [181]. 

In any case, we must emphasize that it is difficult to observe an amelioration of 

insulin resistance in our population since this parameter was not elevated at 

baseline. 

The correlation of certain bacteria with health biomarkers from chapter 2 can be 

linked with the modulatory effect of the red radish in the digester microbiota. 

The cell models from chapter 5 help to translate the bacterial modulation in the 

digester, on health impact. All seems to indicate that health and gut microbiota 

are tightly related, and certain food composition may be enough stimulus for 

bacterial populations to affect the overall health status through their metabolites, 
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reducing inflammatory levels and improving markers related to cholesterol and 

fat metabolism, indicators of diseases such as obesity, diabetes and MS.  
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Gut microbiota modulation: a holistic view, through different 

methods and their pros and cons.  

Along the chapters presented in this thesis, different methods have been used to 

study the gut microbiota modulation, with results sometimes hard to 

understand, as some of them seem contradictory. In this part, we will try to 

summarize them and compare the pros and cons of the different methodology 

and try to reach a final consensus about the impact of specific foods and if there 

is any pattern that could be reproduced, on the pursuit of a healthier status. 

Plate counts 

Table 4. Microbiological plate counts through chapters 3, 4, 5 and 6. Green arrows indicate increased 

populations and red arrows decreased. 

Taxa 
Chapter 3 

Bio compound 

Chapter 4 

Pumpkin 

Chapter 5 

Red radish 

Chapter 6 

Bimi 

Bifidobacterium     

Lactobacillus     

Enterobacteria     

Clostridium     

Total Anaerobic     

Table 4 summarizes the results obtained by this technique along 4 different 

chapters, where a food modulatory capacity was tested. It seems a good indicator 

of the general microbiota fluctuation during the treatment period, but the 

problem is that only focuses on 4 different genera, giving a limited view of the 

global microbiota modulation. For example, Clostridium may be considered a not 

desirable bacteria cluster in general, but as previously explained, many 
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Clostridium species are capable of fibre degradation even to produce SCFA, 

considered healthy metabolites. The same problem may appear with the 

beneficial bacteria, such as Bifidobacterium and Lactobacillus. It may seem that the 

global population is decreasing but the result may be that a specific bacterial 

known for its great probiotic proprieties had a great increase, therefore this 

analysis is not conclusive at all. 

PROS: quick and affordable techniques that gives a first glimpse into the 

treatment result. 

CONS: very low specificity and short range. Further analysis is required to know 

the behaviour of the microbiota in general. 

In-vitro digester 

The modulatory capacity of the chosen foods was tested in the in vitro digester. 

This technique gives more detailed results, very specific and a great range. It 

could be a first step before studying the product in humans. The only problem 

with this tool is the amount of time required to test every product. Each of them 

needs about a month to be tested. Because of that, there are no duplicates of the 

in vitro assays. Another problem is that this kind of digesters is not dynamic, as 

it is a human digestive system, and therefore it lacks other stimuli such as natural 

body movement, hormones, trophic activity, etc. This fact causes that the 

microbiota population loses richness and diversity during the experiment and 
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sometimes this may mask the modulatory effect of the tested product, as the 

general population diminishes. 

PROS: generates very specific and detailed results, without the need to test in 

humans. 

CONS: takes a lot of time and is not able to fully reproduce the natural 

conditions, as it is a static environment. 

SCFA measurement 

SCFA measurement is another affordable and easy technique to do, that gives a 

better idea about the treatment influence. Higher levels of SCFA are usually 

related to a better gut health [182]. However, we have found a couple of situations 

where the SFCA levels did not match with what we would have expected 

according to the modulated bacteria profile. For example, in chapter 5, there was 

a significant increase in acetic and propionic acid in the three sections of the colon 

after red radish treatment. Butyric acid only showed a significant increase in AC 

but decreased in TC and DC, although there were many butyrate-producing 

bacteria in those reactors according to the metagenomic results. However, in 

chapter 4 and chapter 6, where similar results regarding the butyrate producers 

were found, butyric acid levels showed a marked increase. A possible 

explanation is that the butyryl-CoA: acetate-CoA-transferase pathway is the 

main process for the biosynthesis of butyrate, so acetate is utilized by butyrate 
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producers to produce butyrate. Thus, a butyrate increase following the acetate 

increase would be expected. In Chapter 6, acetate levels decrease in TC and DC 

after the treatment. As acetic and butyric acids work synergically, this reduction 

of acetic acid could be explained by this huge global increase of butyric acid in 

all reactors, as acetate may be consumed by the butyrate producers. A hypothesis 

for this not happening in chapter 5 could be that, with more time, butyrate levels 

would have increased, as expected by the acetic levels and the bacterial profile. 

Red radish should stimulate the butyrate synthesis at some point.  

PROS: an affordable and quick technique that allows to reach a preliminary 

conclusion about the treatment effect on the gut microbiota 

CONS: it needs to be contrasted with bacterial populations as it can be 

misleading. 

Biomarkers 

The colon is the primary site for the biotransformation of bioactive compounds 

from food that are not absorbed in the small intestine, but the use of static in vitro 

methodologies may be overly simplistic due to the continuous influx of complex 

endogenous compounds throughout the digestive tract, such as intestinal 

secretions, absorption of fermentation products, and interactions between the 

host and bacterial population. In chapter 5, cellular models of the target organ or 

biological function were integrated to the dynamic in vitro model, allowing the 

reproduction of physiological states at a laboratory scale, where manipulation 
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and assay conditions are controlled. Intestinal cells were seeded onto bicameral 

polycarbonate supports and treated with samples T12 and T26 from the digestor. 

After the incubation time, the content of the basal chamber was collected for use 

in other cellular models. The use of this medium on the other cellular models 

permitted elucidation of the compound's mechanism of action. Chapter 5 cell 

models (cellular lines from human enterocytes CaCo-2, endothelial human cell 

line EA.hy926, and human epithelial liver cells HepG2) studied functionalities 

related to MS: blood pressure, cholesterol metabolism, insulin resistance, fat 

accumulation and adipogenesis. This helped to understand how the red radish 

modulatory effect may translate into systemic changes. Furthermore, the results 

obtained were very promising. 

PROS: it is a relative affordable technique that allows a better understanding of 

the compound mechanism of action, being a perfect complement of the 

microbiota analysis. 

CONS: in an in vivo situation, some of these cells are not going to be in direct 

contact with the intestinal content, so the results of this model might not 

represent real physiological effects. 

Human intervention studies:  

Human trials are the last step of any study before its application or 

commercialization. Chapters 1, 2 and 6 give a great overview of the relation 

between diet, health, and microbiota in vivo. Some results can be linked between 
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chapter 2 and 5 about metabolic disorders and its associated microbiota profile. 

Chapters 1 and 6, both including human trials, allow associating diet 

characteristics with specific bacterial species. In both chapters Oscillibacter 

valericigenes and Ruminococcus bromii appears, both known for having beneficial 

effects through their SCFA production. No results exhibit any potential danger 

for human health of the tested products. No dysbiosis was observed in any of the 

participants. 

PROS: it is the best way to evaluate how a certain intervention is going to work 

and its safety or hazardousness. 

CONS: it is a complex intervention that requires a huge implication from the 

participants and the scientific personal. Resource and time demanding, needs a 

good teamwork. Many personal working on, which implies a great chance for 

human error. Also, the huge variability in gut microbiota composition between 

the different subjects implies that the sample size must overcome this fact. 
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The discussion over the 6 different chapters shed some light into the relation 

between dietary habits and microbiota. Including a variety of plant-based foods 

in the diet, seems to promote the growth of Bifidobacterium. The human data 

reveals that higher consumption of yogurt and fermented products, as well as the 

consumption of Bimi, positively correlates with a growth of Lactobacillus. 

Moreover, a high intake of fibre from vegetables promotes fibre-degrading 

bacteria, increasing the output of beneficial metabolites such as SCFA. It is 

noteworthy to mention the increase of the genus Alistipes, butyrate producers 

enhanced by the three foods tested. Another SCFA producer worth mentioning 

is Oscillibacter valericigenes, standing out by its anti-inflammatory effect, strongly 

correlated with MD, and increasing again within chapters 4, 5 and 6. Akkermansia 

muciniphila and Christensenella minuta are healthy bacteria that appear to be 

related to both, fibre, and bioactive compounds: Bimi and red radish may have 

synergistic effect on their modulation due to their specific composition. 

However, we have observed that the effects of these bacteria vary depending on 

the specific species, strains, and individual contexts, therefore it is hard to adopt 

a general recommendation for everyone. Regarding the glucosinolates, results 

are not conclusive whether the gut bacteria may have enzymatic capacity to 

transform these compounds into their bioactive forms, highlighting the necessity 

to consume raw foods rich in GLS as the only way to ensure the consumption of 

the enzymes able to transform these compounds into their bioactive forms. 
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For closure, we must mention that the variety of methods used to evaluate the 

tested food effects on gut microbiota allowed a wide perspective. The in vitro 

digester is a good approach for the development of new food products, as it 

allows a first evaluation of its modulatory capacity. The wide variety of 

techniques allowed a better understanding of what was happening and fulfilled 

some gaps that otherwise, would have been hard to read. However, the fact that 

this thesis had come from an industrial project, has limited the possibility to 

modify the plan during the process, which could have offered a chance to repeat 

or modify some techniques. Further research is still needed to discern if the 

presentation of foods (raw or cooked) has a detrimental effect on food properties. 
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Conclusions 

This thesis associates the gut microbiota profile with MD and specific food 

groups and confirms the potential of new designed functional foods on gut 

microbiota modulation. Altogether, the results of this work can be summarized 

in the following conclusive statements:  

Chapter 1 & 2 

1. A high adherence to the MD seems to increase the abundance of some species 

associated with good health. Bifidobacterium animalis is the one with the 

strongest association with MD. 

2. Fiber intake enhances the growth of several SCFA-producing species, such as 

Oscillibacter valericigenes, Oscillospira (Flavonifractor) plautii, and Roseburia 

faecis. R. faecis is also enhanced by fruit and nut consumption.  

3. Legumes enhance Ruminococcus bromii, vegetables increase the Butyricicoccus 

pullicaecorum population and nut intake benefits Papillibacter cinnamivorans 

growth.  

4. Higher meat consumption shows a negative correlation with Oscillospira and 

higher consumption of fermented dairy a positive relation with Lactobacillus 

levels. A decrease in Oscillospiraceae and Lactobacillaceae has been described 

in individuals with altered liver function.  
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5. Olive oil consumption increases the abundance of Verrucomicrobiaceae, the 

family of Akkermansia muciniphila, negatively associated with overweight 

obesity, hypertension, and type 2 diabetes.  

Chapter 3 

6. The in vitro colonic fermentation is a useful tool to reproduce the gut 

microbiota under diverse conditions and treatments. The 16S rRNA analysis, 

allows characterization of the changes in microbiota composition up to 

species level. 

Chapter 4, 5 & 6 

7. Elicited pumpkin shows a prebiotic effect and increases ratios of butyric and 

propionic acid in the TC and DC. 

8. The treatment of the whole red radish plant has a greater and more varied 

content of isothiocyanate, suggesting a healthier impact. Its consumption 

increases SCFA production, especially acetic and propionic acid, as well as 

many butyrate-producing bacteria. 

9. There is an increase in acetic, butyric, and propionic levels accompanied by 

the growth of many SCFA-producing bacteria with Bimi® treatment in the in 

vitro model. Its consumption stimulates probiotics presence in humans. 

Take Home Message 

To pursue a healthy gut microbiota, be sure that your daily diet includes 

abundance of plant food, of a wide variety of colours and origins. 
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